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Cell motility is an important process during normal embryonic development 
but its dysregulation may result in certain diseases. The Rho GTPases have 
been identified to be important regulators of cellular motility via their control 
over actin dynamics. Although highly homologous to each other, activation of 
the three major Rho GTPase family members, RhoA, Rac1 and Cdc42 leads 
to very different phenotypes in mammalian cells. RhoA activation is 
associated with cell stabilisation and adhesion via the formation of strongly 
anchored actin stress fibres. Rac1 activation is associated with cell spreading 
and motility via cell protrusion and the induction of nascent adhesion turnover. 
Cdc42 activation is also associated with cell protrusion and motility, but with 
different characteristics from those induced by Rac1. 
In this study, a little known Cdc42 effector, Binder of Rho GTPase 5 (BORG5) 
and its downstream septin filaments were characterised in HeLa cells. These 
proteins are found to share close links with another Cdc42 effector, Myotonic 
dystrophy kinase-related Cdc42-binding kinase (MRCK) in regulating two 
pools of actomyosin, the lamellar bundles (LMB) and the sub-nuclear bundles 
(SNB). Apart from their discrete intracellular localisation, these two pools of 
MRCK/BORG5-regulated actomyosin are biochemically and physically distinct 
from each other. The LMB contains non-muscle Myosin 2A (MYO2A) and are 
thin, dynamic filaments close to the cell periphery. The SNB contains 
disassembled components from the LMB as well as from the RhoA/RhoA-
binding kinase (ROK)-dependent stress fibres like MYO2B. Although derived 
from stress fibres, the SNB have very different properties possibly due to 
  x
  xi
MRCK modification and the involvement of BORG5 and septins in this 
transition. 
The LMB have been previously shown to be involved in cell protrusion. In this 
study, the SNB are found to be physically linked to the nucleus and shown to 
coordinate the protrusions of the leading edge to nuclear/cell body 
translocation during cell migration. The SNB may fulfil this role by acting as a 
track to guide nuclear migration. 
As the SNB is derived from both Cdc42/MRCK/BORG5 and RhoA/ROK 
activity, it therefore represents a coordination of Cdc42 and RhoA signalling 
for directional migration. The formation of the SNB may be a mechanism 
whereby signals from both Cdc42 and RhoA are integrated and utilised in 
guiding the nucleus during cell migration. These studies also reflect the 
intricacy of Cdc42 as a master regulator in several aspects of cellular motility 
ranging from the leading edge to the cell body. 
 
 
Chapter 1. Introduction. 
1.1 Cell migration. 
1.1.1 Overview of cell motility. 
Cell motility is an important process of physiology. Gastrulation in vertebrates 
involves extensive migration of cells to form the proper basic body plan of the 
embryo (Keller 2005). The metastatic invasion of cancerous cells into 
peripheral tissues are also an important example of cellular migration 
(Yamaguchi et al. 2005). 
Cell motility is a complex orchestra of signalling pathways involving the actin 
microfilaments (Parsons et al. 2010; Gardel et al. 2010). Based on the 
dynamics of the actin cytoskeleton and their attached focal adhesions, the 
process of migration can be classified into four major cyclical steps 
(Lauffenburger and Horwitz 1996; Pollard and Borisy 2003). Firstly, the cell 
extends actin-rich protrusions in the direction of motility. Secondly, these 
protrusions probe the surrounding area and establish focal contacts if 
permissive areas are found. Thirdly, the newly formed adhesions would allow 
the cell body to translocate towards the leading edge. Finally, after the cell 
body has moved forward, older adhesions at the rear are dissolved, followed 
by cell rear retraction into the cell body and another cycle begins anew 
(Figure 1.1).  
The molecular components and signalling pathways that regulate microtubule 
and actin dynamics underlying cell migration will be summarised in this 
chapter. The septin family of filament forming proteins, which has been 
receiving growing attention for its implication in cell migration will also be 
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introduced. However, as microtubule dynamics and their roles in cell migration 
are not a focus of this thesis, only their roles in cell polarity and nuclear 
transport will be described. 
1.1.2 Cell polarization. 
Before a cell can migrate, it must rearrange its intracellular organelles and 
cytoskeleton in a proper, asymmetric configuration, a process known as the 
establishment of polarity. The asymmetry places the organelles where they 
are needed for migration, for instance, the Golgi apparatus needs to be 
positioned nearer to the leading edge as it produces protein and lipid supplies 
required to support leading edge protrusion (Sutterlin and Colanzi 2010). 
The establishment of cell polarity is in itself an incredibly complex process 
involving both microtubule and actin cytoskeletons (Iden and Collard 2008; 
Fukata et al. 2003). The microtubule motors and transport networks move 
cargo, including organelles like the Golgi and nucleus, within the cell thereby 
rearranging the cell interior for migration (Welte 2004). As the microtubules 
are polar structures that originate from the microtubule organisation centre 
(MTOC), the key step in cell polarisation is the proper positioning of the 
MTOC relative to the rest of the cell for migration, particularly the nucleus. The 
polarity (PAR) proteins, under the regulation of Cdc42,  are involved in the 
microtubule based cell polarity establishment (Goldstein and Macara 2007). 
Apart from the microtubules, actin is also involved in the establishment of cell 
polarity. The actin motor Myosin V, has been implicated in transporting cellular 
organelles (Desnos et al. 2007; Trybus 2008). Another actin motor, non-
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muscle myosin 2 (MYO2), may also have roles in defining the rear of the cell 
during migration (Vicente-Manzanares et al. 2009; Cramer 2010).  
1.1.3 Nuclear translocation. 
The cell nucleus is a highly specialised compartment that contains most of the 
cellular genetic materials and therefore also one of the most important 
organelles in the cell. Due to the large size of DNA genomes, with their 
packing and regulatory molecules, the nucleus is the largest organelle in the 
cell. 
The nucleus is anchored to the cytoskeleton through the Nesprin family of 
proteins (Burke and Roux 2009; Starr and Fridolfsson 2010). These proteins 
share a basic structure with a C-terminal Klarsicht/ANC-1/Syne-1 homology 
(KASH) domain, a long extended middle containing a variable number of 
Spectrin Repeats, and an N-terminal that contains cytoskeleton interaction 
domains. Four Nesprin proteins have been indentified in mammals. Both 
Nesprin1 and Nesprin2 have N-terminal Calponin Homology (CH) domains 
that bind actin (Padmakumar et al. 2004; Zhen et al. 2002), whereas Nesprin3 
and Nesprin4 were reported to bind intermediate filaments and microtubules 
respectively (Wilhelmsen et al. 2005; Roux et al. 2009). However, recent work 
has also shown that both Nesprin1 and Nesprin2 bind microtubule motors as 
well (Zhang et al. 2009). The KASH domain bridges the outer nuclear 
envelope to bind Sad1/UNC-84 (SUN) proteins in the nuclear envelope 
lumen. The SUN proteins in turn, are bound to the Lamin nucleoskeleton 
(Starr 2009). Thus, the Nesprin/SUN complex directly bridges the various 
cytoskeletons to the nucleoskeleton structure. 
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The microtubule network has been implicated in nuclear migration (Reinsch 
and Gonczy 1998). The microtubule motors kinesin and dynein bind the 
Nesprin proteins and transport the nucleus along microtubule tracks 
(Fridolfsson et al. 2010; Zhang et al. 2009). Apart from the microtubules, actin 
has also been implicated in nuclear movement. Nesprin1 and 2 have actin 
binding CH domains that are crucial for nuclear integrity and motility. Actin 
retrograde flow from the lamella might push or sweep the nucleus backwards 
to reposition it behind the MTOC during cell polarity establishment (Gomes et 
al. 2005; Luxton et al. 2010). 
1.2 Rho GTPases. 
1.2.1 Introduction to Rho GTPases. 
The Rho GTPases are a family of Ras-related small GTP-binding proteins. 
They function as molecular switches at the focal points of many important and 
diverse pathways, including cellular viability, motility and division (Jaffe and 
Hall 2005; Hall and Lalli 2010). Rho GTPases are crucial for development and 
gene-knockout in animal models often displayed gross morphological defects 
especially during neuronal growth and development (Heasman and Ridley 
2008; Hall and Lalli 2010). The Rho GTPases are master regulators of actin 
and focal adhesion dynamics, and they control almost all aspects of migration 
(Ridley et al. 2003; Raftopoulou and Hall 2004). 
RhoA, Rac1 and Cdc42 are three major and well studied members of the Rho 
GTPase family. These proteins are activated by growth factors such as 
lysophosphotidic acid (LPA), and their activation in fibroblast cells induces 
distinct phenotypes. RhoA activation induces the formation and strengthening 
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of the actin stress fibres and focal adhesions (Ridley and Hall 1992). Thus, 
RhoA activity is typically associated with cell contraction and rear retraction 
(Ridley et al. 2003). Rac1 activation induces membrane ruffles, which are 
actin-rich planar structures protruding from the cell surface in response to 
growth factor stimulation (Ridley et al. 1992). Cdc42 activation produces fine 
actin projections called microspikes or filopodia at the cell surface (Kozma et 
al. 1995). Both Rac1 and Cdc42 activation are associated with protrusion and 
cellular motility (Ridley et al. 2003). 
Cell motility is important for many aspects of development and also diseases. 
The Rho GTPases play central roles in cell migration through many effectors 
and pathways (Gardel et al. 2010; Parsons et al. 2010). Several key 
molecules and mechanisms involved in this complex process will be 
presented and the roles they play are discussed. 
1.2.2 GTPase cycle of activity. 
Rho GTPases function as molecular switches and cycle between the GDP-
bound “OFF” and GTP-bound “ON” state (Figure 1.2). However some 
members do not appear to have the necessary GTPase activity crucial for the 
“OFF” state and are labelled as unconventional Rho GTPases (Jaffe and Hall 
2005). In the GTP-bound “ON” state, the Rho GTPases bind to their effectors 
and typically activate or localise them to the proper intracellular 
compartments. The current model of Rho GTPase switching is derived from 
the comparative study of the crystal structures of RhoA in the GTP and GDP 
bound forms (Wei et al. 1997; Ihara et al. 1998). The effector-binding “Switch 
I” region (amino acids 26 to 45 in Cdc42) of the GTPase undergoes 
conformational change and is unmasked by GTP binding. The amino acid 
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sequence of the “Switch I” domain is responsible for effector binding and 
specificity, with mutations within this domain disrupting effector binding 
(Lamarche et al. 1996; Zong et al. 1999). 
Rho GTPases are activated by Guanine Nucleotide Exchange Factors (GEF; 
Figure 1.2) (Schmidt and Hall 2002; Rossman et al. 2005). The main effect of 
GEF activity is the release of GDP from the Rho GTPase and subsequent 
loading with GTP. The GEF proteins have a structurally conserved GEF 
domain comprising of a Pleckstrin Homology (PH) domain next to a Diffuse B-
cell lymphoma (Dbl) homology (DH) domain. The PH domain is thought to be 
essential for membrane targeting but is absent in several GEF (Zheng et al. 
1996; Schmidt and Hall 2002). The actual protein sequences within the DH 
domains can be highly diverse, yet still share similar specificity for Rho 
GTPase activation. The specificity of the GEF activity can also be highly 
variable, with many GEF proteins being able to activate more than one Rho 
GTPase, for instance, Vav1 is a GEF for all three RhoA, Cdc42 and Rac1 
(Rossman et al. 2005). Apart from the loosely conserved DH/PH domains, the 
GEFs share little homology with each other. They have various combinations 
of signalling domains possibly to allow for their roles as transducers of very 
different signalling pathways into the activation of Rho GTPases, as 
exemplified by the Rac1 GEFs β-PAK-interacting Exchange Factor (βPIX), 
which is involved in focal adhesion dynamics (Manser et al. 1998) and TIAM-
1, which is membrane targeted and activates c-Jun for transcription control 
(Stam et al. 1997). A mutation in Rho GTPases, Asparagine substitution for 
Threonine 17 (T17N; Cdc42 amino acid sequence), leads to a stable 
interaction between the GEF and Rho GTPase. Over-expression of the T17N 
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mutant leads to the sequestration of the GEF, thereby inhibiting activation of 
endogenous Rho GTPases in a dominant negative manner (Heasman and 
Ridley 2008). However, due to the promiscuous nature of some GEFs, the 
effects of dominant negative Rho GTPases represent a consolidation of 
phenotypes arising from the of inhibition of all interacting GEFs. 
Another important step in the activation of Ras and Rho GTPases is lipid 
modification (prenylation) by geranyl-geranyl transferases at their C-termini 
(Hancock et al. 1990). Their subsequent activation/activities are heavily reliant 
on membrane associations and therefore, this lipid moiety is of key 
importance. Inhibition of membrane association, by truncation of the C-
terminal prenylation motif, or Rho Guanine Nucleotide Dissociation Inhibitor 
(RhoGDI) binding, turns off Rho GTPase signalling (Figure 1.2). RhoGDI 
binds Rho GTPases and prevents GEF binding or Guanine nucleotide 
exchange (Fukumoto et al. 1990; Chuang et al. 1993). It also delocalises Rho 
GTPases from the membranes (Dovas and Couchman 2005; Boulter et al. 
2010). 
A major mechanism of stopping Rho GTPase signalling is the hydrolysis of 
the bound GTP into GDP. The intrinsic GTPase activity of the three main Rho 
GTPases is very low, but can be increased/activated by a large family of 
GTPase Activating Proteins (GAP) (Moon and Zheng 2003). Apart from the 
GAP domains, these proteins also contain a diverse composition of various 
signalling domains that indicate their involvements in channelling signalling 
pathways to the Rho GTPases. 
1.2.3 Rho GTPase effector proteins. 
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Rho GTPases exert biological effects through binding of their effectors 
(Bishop and Hall 2000). In the GTP-bound form, the Rho GTPases are able to 
bind specific effector proteins and trigger off downstream signalling events. 
Typically, most effector molecules exist in a folded, inactive state that is 
relieved by Rho GTPase binding. For instance, mDiaphanous (mDia1), a 
RhoA effector is auto inhibited by a N- to C-terminal domain self-binding that 
is relieved by RhoA.GTP binding (Li and Higgs 2003; Li and Higgs 2005). The 
list of effector proteins for each of the Rho GTPases is ever expanding, 
however, a select few is highlighted to illustrate the pathways that the Rho 
GTPases control during cell migration. 
RhoA activation leads to the formation of stress fibres in fibroblasts. These 
large and robust stress fibres terminate in large adhesive structures that 
anchor the cell to the underlying substrates (Ridley and Hall 1992). Two key 
effector proteins of RhoA responsible for this effect are Rho-binding kinase 
(ROK) and mDia1 (Watanabe et al. 1999). ROK is a Serine/Threonine kinase 
that is heavily involved in cellular actin/myosin dynamics (Leung et al. 1996; 
Amano et al. 1997). mDia1 on the other hand, is a formin-related actin 
nucleator and involved in F-actin seeding and elongation (Watanabe et al. 
1999; Chesarone et al. 2010). Together, these two effectors are envisioned to 
polymerise and bundle actin to myosin for stress fibre formation.  
Rac1 activity in adherent cells leads to the formation of ruffles (Ridley et al. 
1992). These ruffles signify excessive protrusions that are not attached to the 
substratum and protrude in all directions, including upwards. Localised Rac1 
activation is enough to generate a protrusion, suggesting that Rac1 is very 
important regulatory switch for the cellular protrusion machinery (Wu et al. 
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2009). Rac1 activates the effector WAVE complex which in turn activates 
Arp2/3-nucleated actin polymerisation (Takenawa and Suetsugu 2007). Rac1 
also has a role in preventing actin depolymerisation by cofilin, via its effector 
p21-activated kinase (PAK), which activates LIMK, leading to phosphorylation 
inactivation of cofilin (Delorme et al. 2007). Rac1 is also heavily involved in 
the formation and turnover of nascent adhesions at the cell edge through the 
GEF βPIX and effector p21-activated kinase (PAK) (Manser et al. 1998; Nayal 
et al. 2006). 
Cdc42 activation leads to filopodia formation(Kozma et al. 1995). Injection of 
activated Cdc42 also leads to the sequential activation of Rac1 and RhoA 
(Nobes and Hall 1995). The Cdc42 effector mDia2/Drf3 is implicated in 
filopodia formation downstream of Cdc42 (Peng et al. 2003; Block et al. 
2008). Apart from filopodia formation, Cdc42 has other effects on the cell. 
Myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK) is a Cdc42 
effector that regulates actomyosin bundles that are distinct from RhoA/ROK 
stress fibres (Tan et al. 2008). Cdc42 is also responsible for the establishment 
of cell polarity via partitioning defective (PAR) protein complex and 
microtubule network regulators, Glycogen Synthase Kinase 3β (GSK3β) and 
Adenomatous polyposis coli (APC) (Etienne-Manneville 2004; Goldstein and 
Macara 2007). Cdc42 has also been implicated in the establishment of 
nuclear/microtubule organising centre (MTOC) polarity via MRCK regulation of 
actin (Gomes et al. 2005). 
The actual forces that protrude and propel the cells are generated by the actin 
cytoskeleton and non-muscle Myosin 2 motors (MYO2). As ROK and MRCK 
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are two major kinases that were reported to control the actomyosin networks, 
their properties are discussed in more detail. 
1.2.4 Rho GTPase effectors ROK and MRCK. 
ROK is a RhoA effector that reorganises actin (Leung et al. 1995; Leung et al. 
1996; Matsui et al. 1996; Amano et al. 1997). It contains several domains that 
are important for the roles it plays in actomyosin regulation (Leung et al. 1996; 
Chen et al. 2002). ROK contains a Pleckstrin Homology (PH) domain that 
targets it to the plasma membrane and also contains a Rho GTPase binding 
domain (RBD) that is specific for RhoA, RhoB and RhoC. Like most effectors, 
Rho.GTP binding to the RBD activates ROK kinase activity and leads to the 
activation of downstream effects. 
A major substrate of ROK is the regulatory light chain of MYO2 (Amano et al. 
1996; Kureishi et al. 1997). Curiously, ROK can phosphorylate the regulatory 
myosin light chain (RMLC) at two sites, either at Serine-19 (S19) or at both 
Threonine-18 and Serine-19(T18/S19) (Ueda et al. 2002). These two 
phosphorylation states of RMLC have different implications for the associated 
MYO2 and are discussed in Chapter 1.4.2. Apart from direct RMLC 
phosphorylation, ROK prevents RMLC dephosphorylation by inhibiting Myosin 
light chain phosphatase. It achieves this by phosphorylating the Myosin 
targeting subunit (MYPT) of Myosin light chain phosphatase, leading to 
conformational changes that mask the associated catalytic subunit (Kimura et 
al. 1996). This effect is particularly pronounced in smooth muscle and is 
known as calcium sensitisation of smooth muscle. The ROK-induced inhibition 
of the myosin light chain phosphatase intensifies the MYO2 contraction from 
calcium-induced myosin light chain kinase phosphorylation, as the RMLC is 
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not dephosphorylated (Uehata et al. 1997). Thus, ROK triggers a two pronged 
pathway that directly phosphorylates the RMLC and also inhibits its 
dephosphorylation, leading to increased actomyosin assembly and 
contractility. 
ROK also phosphorylates and activates LIM-domain Kinases (Maekawa et al. 
1999; Sumi et al. 2001). These kinases in turn phosphorylate Cofilin, leading 
to its inactivation. Cofilin is a major F-actin severing and depolymerisation 
protein that is actively involved in actin filament remodelling (Bugyi and Carlier 
2010). Thus, ROK also indirectly prevents F-actin disassembly by inhibiting 
Cofilin activity. All these downstream pathways support the role of ROK as a 
major kinase in actin filament formation and stabilisation. 
MRCK is a Cdc42/Rac effector that also regulates actin by phosphorylation of 
RMLC (Leung et al. 1998). Its kinase domain is highly homologous to that of 
ROK. Thus, it shares many substrates with ROK, including the MYPT of 
myosin light chain phosphatase and LIM-domain Kinases (Tan et al. 2001; 
Sumi et al. 2001). However, unlike ROK, MRCK phosphorylates only Serine-
19 of RMLC and this has major implications in the assembly and 
characteristics of the actomyosin bundles it regulates. Another important 
observation is that MRCK appears to be required in Nerve Growth Factor-
(NGF) induced neurite outgrowth in PC12 cells, whereas ROK promotes 
neurite retraction (Chen et al. 1999). These observations also reflect the 
functions of upstream Rho GTPases, with Cdc42 promoting protrusion and 
RhoA promoting retraction and contractility. However, how the regulation of 
the same subset of downstream targets leads to different effects by these two 
pathways is not fully understood. A key difference may lie in the mono- and di-
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phosphorylation state of RMLC induced by MRCK and ROK respectively 
(Chapter 1.4). Another key difference is that MRCK is localised at the 
actomyosin bundles of the lamella, whereas ROK is found mainly on stress 
fibres (Tan et al. 2008; Chen et al. 2002). 
Both RhoA/ROK and Cdc42/MRCK were shown to be crucial for cell motility in 
several studies (Wilkinson et al. 2005; Gally et al. 2009; Gaggioli et al. 2007). 
These studies show that these two functionally distinct pathways cooperate 
and are coordinated spatially and temporally for proper cellular motility. 
1.3 Actin. 
1.3.1 Introduction to actin. 
Actin is one of the most abundant proteins in eukaryote cells. It is essential in 
almost all cellular and tissue processes, including cytokinesis, vesicle 
budding, membrane protrusion, tissue morphogenesis (dorsal closure in 
Drosophila and gastrulation) and even animal bodily translocation (via skeletal 
muscle contraction). 
Actin is a globular, ATP-binding protein. It organises into α-helical filaments 
called microfilaments, which can be configured to function as molecular ropes 
or mesh-like networks within the cell to serve a multitude of purposes. F-actin 
bundling proteins like α-actinin and fascin gather the individual F-actin 
filaments into thicker bundles (Otto 1994), adding rigidity and strength to 
these microfilaments in a fashion similar in effect to the twining of threads to 
form a rope. These long rope-like F-actin bundles have very high tensile 
strength when coupled to myosin activity and exert great forces for important 
physiological functions such as muscle contraction and cell translocation. Due 
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to the unique properties of the microfilaments, actin has been recognised as 
the key molecules that determine cellular morphology and motility (Carlsson 
2010; Pollard and Cooper 2009). 
In vertebrates, six distinct genes encode different polypeptides of actin 
isoforms and are named according to their relative enrichment and sites of 
functional activity (Vandekerckhove and Weber 1978). There are two striated-
muscle (α-skeletal and α-cardiac muscle), two smooth-muscle (α- and γ-
smooth muscle) and two non-muscle/cytoplasmic (β- and γ-actin) isoforms. 
Although these actin isoforms share high sequence homology and structure, 
they do exhibit different properties, perhaps reflecting their physiological roles. 
The filaments of muscle-specific actin isoforms have been observed to be 
polymerised more rapidly and generally more resistant to depolymerisation 
(Vartiainen et al. 2002; Khaitlina and Hinssen 2008). The cytoplasmic 
isoforms of β- and γ-actin are ubiquitously expressed and have major roles in 
cell shape determination. These cytoplasmic isoforms have distinct 
localisations and possibly have distinct roles in the cell as well (Dugina et al. 
2009; Hofer et al. 1997). Interestingly, both β-actin mRNA and protein are 
localised to the leading edge and are important for directional cell motility 
(Condeelis and Singer 2005; Huttelmaier et al. 2005). In addition, β-actin 
contains unique post-translational modifications to its N-terminus that may 
dictate the properties of the F-actin made from them (Karakozova et al. 2006). 
In this section, a brief picture of cellular F-actin formation and dynamics during 
cell migration will be described as a prelude to their importance in myosin-
driven cell contractility. 
1.3.2 Cellular zones of actin dynamics. 
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A polarised migrating mammalian cell can be divided into several zones 
according to the local F-actin dynamics (Salmon et al. 2002; Vallotton et al. 
2004). The cell body, which contains major organelles like the nucleus and 
endoplasmic reticulum (ER), is a zone of slow anterograde actin flow with little 
actin polymerisation. The lamella, consisting of a region of slow retrograde 
actin flow, lies between the cell body and cell edge. The lamellipodium lies 
most distal to the cell body and occupies the extreme leading edge. It consists 
of an actively polymerising actin meshwork that displays fast retrograde flow 
of F-actin molecules. In between these are the “convergence” zones, where 
the actin transition from one velocity to another and have unique roles as well. 
The convergence zone between the lamellipodium and lamella contains a 
sharp band of very extensive actin depolymerisation activity, whereas the 
convergence zone between the lamella and cell body sees a collision of 
retrograde and anterograde actin flows which may be involved in microtubule 
trimming (Gupton et al. 2002). 
Apart from the F-actin flow dynamics, the cellular zones are also defined by 
the various states and assemblies of the F-actin within them. The lamellipodial 
actin network is a dense, highly branched mesh and can be discerned under 
enhanced phase contrast (Verkhovsky et al. 2003). However, recent 
improvements to the preservation and visualisation of actin filaments have 
challenged the popular model of uniform 70o-branched structure of F-actin in 
the lamellipodium meshwork, suggesting unbranched filaments overlaid at 
various angles instead (Koestler et al. 2008; Urban et al. 2010). Regardless of 
its structure, the lamellipodium contains many actin polymerising proteins and 
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its F-actin are rapidly being polymerised at the leading edge and 
depolymerised at the base, a process termed treadmilling. 
In the lamella and cell body, MYO2 is incorporated with unbranched F-actin 
bundles and forms the contractile actomyosin bundles (Hotulainen and 
Lappalainen 2006). The lamellar actomyosin undergoes retrograde flow and 
together with focal adhesions, forms a clutch mechanism to control leading 
edge protrusion (Mitchison and Kirschner 1988; Lim et al. 2010; Gardel et al. 
2010). On the other hand, the actomyosin stress fibres of the cell body serve 
to anchor the cell via focal adhesions. Both the lamella and cell body also 
contain lower levels of actin polymerisation activity, with formins being 
predominant. Major F-actin depolymerisation occurs very prominently at the 
convergence zone between the lamellipodium and lamella as well as between 
the lamella and the cell body. 
1.3.3 Actin polymerisation.  
Monomeric actin, also known as globular-actin (G-actin), is the basic building 
block and strings together to from filamentous-actin (F-actin). At physiological 
concentrations, monomers of G-actin can form filaments, as the rates of 
polymerisation would exceed the rate of depolymerisation. Although this 
process can occur spontaneously, it is highly regulated by a complex system 
of pathways and nucleating proteins in vivo (Campellone and Welch 2010). 
Cell edge protrusion is driven by actin polymerisation near the membrane at a 
specialised region known as the lamellipodium (Ponti et al. 2004). The Rho 
GTPase Cdc42, through effectors, N-WASP, TOCA1, WAVE and other 
related proteins play a major role in regulating the Arp2/3 complex into 
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forming the fine dendritic mesh of branched actin filaments in the 
lamellipodium (Rohatgi et al. 2000; Ho et al. 2004; Pollard 2007). The 
polymerisation of F-actin provides the force to propel the plasma membrane of 
the cell outwards during the earliest steps of cell spreading and migration. 
Rac1 is a key regulator of the lamellipodial actin dynamics as well, mainly 
through the WAVE-Arp2/3 complex and cofilin (Eden et al. 2002; Delorme et 
al. 2007). 
Apart from the Arp2/3 complex, the large family of formins also nucleate and 
elongate F-actin filaments (Wallar and Alberts 2003; Chesarone et al. 2010). 
Unlike Arp2/3 complex, formins produce unbranched filaments, requiring 
binding to the Profilin/G-actin complex to nucleate and elongate F-actin 
(Pruyne et al. 2002; Evangelista et al. 2002; Romero et al. 2004). Like Arp2/3, 
the formins are highly regulated by many signalling pathways, with the Rho 
GTPases at the forefront (Aspenstrom 2010). A common mechanism of 
activation of the Diaphanous-related formins is an auto-inhibition of the 
assembly competent FH2 domain that is relieved by Rho GTPase binding 
(Wallar et al. 2006), however, the rest of the formins have varied regulatory 
mechanisms (Aspenstrom 2010). At the cell edge, the formins are heavily 
involved in the formation of filopodia. 
1.3.4 Filopodia. 
Filopodia are unique projections of actin bundles at the leading edge of the 
cell and neuronal growth cones (Mattila and Lappalainen 2008). They have 
been thought of as sensory fingers that probe for directional cues, especially 
in neuronal growth cones (Gupton and Gertler 2007; Davenport et al. 1993; 
Rajnicek et al. 2006; Kim et al. 2002). Consistent with this hypothesis, various 
  18
key molecules involved in direction determination have been identified at the 
tips or base of the filopodium, including Epidermal Growth Factor Receptor 
(EGFR) (Lidke et al. 2005) and integrin (Galbraith et al. 2007). 
As filopodia are a result of formin activity, several Rho family GTPases have 
been implicated in the formation of filopodia with Cdc42, Rac1, Rho-in-
filopodia (RIF), TC-10 and RhoT being reported to initiate filopodium formation 
by controlling actin polymerisation (Pellegrin and Mellor 2005; Abe et al. 
2003). Filopodia are formed by rapid formin-dependent actin polymerisation 
and requires VASP-bundling activity, although fascin appears to be the major 
actin-bundling protein present (Lebrand et al. 2004; Schirenbeck et al. 2005; 
Faix and Rottner 2006; Gupton and Gertler 2007). Initial studies indicated that 
filopodia originate from the Arp2/3-dependent lamellipodial filaments (Svitkina 
et al. 2003; Gupton and Gertler 2007). However, more recent studies have 
revealed that Arp2/3 is dispensable for filopodia formation (Steffen et al. 2006; 
Sigal et al. 2007). Phosphoinositides within the plasma membrane are also 
crucial for filopodium formation by recruiting membrane bending/cupping by I-
BAR domain proteins to initiate filopodium formation (Saarikangas et al. 
2009). A very recent report consolidated these hypothesises of filopodium 
formation and suggested, with simple experiments, that membrane 
depressions caused by TOCA1 recruits WASP and Arp2/3 to nucleate an F-
actin seed which is then elongated by mDia2 and VASP into a recognisable 
filopodium (Lee et al. 2010). 
Interestingly, there is some evidence that filopodia could also dictate and 
initiate lamellipodia formation (Guillou et al. 2008). Thus, it appears that the 
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filopodia and lamellipodia formation are interlinked and that cells could use 
them interchangeably as required for motility. 
Apart from these two major families of actin polymerisation proteins, there are 
also other molecules that are involved in nucleating and polymerisation of 
actin, like Spire and Cordon-bleu (Renault et al. 2008). However, they will not 
be discussed further mainly due to a lack of comprehensive studies or 
relevance. 
1.3.5 Actin depolymerisation. Capping and severing. 
Cofilin is the major protein responsible for depolymerisation of F-actin at the 
base of a lamellipodium, where an estimated 90% of filamentous lamellipodial 
actin is depolymerised (Watanabe and Mitchison 2002; Ponti et al. 2004; 
Huang et al. 2006; Bugyi and Carlier 2010). The severing activity of cofilin 
generates free barbed ends and monomeric actin, that in turn leads to 
increased actin polymerisation by Arp2/3 (Ichetovkin et al. 2002; Kiuchi et al. 
2007), although another study has reported that cofilin inhibits Arp2/3 activity 
by directly competing for actin binding sites (Chan et al. 2009). Interestingly, 
cofilin itself has been shown to nucleate actin polymerisation, albeit at high 
concentrations (Andrianantoandro and Pollard 2006). Thus it appears that the 
local concentration of cofilin is the key to determining its mechanism of 
activity. Another study reported that different cofilin isoforms, although highly 
homologous to each other, display slightly different preferences in activities 
described above, suggesting that the question of what cofilin does should be 
changed to which cofilin isoform is present (Vartiainen et al. 2002). 
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Cofilin is highly regulated by phosphorylation and dephosphorylation events 
(Huang et al. 2006; Bugyi and Carlier 2010). Cofilin is phosphorylated at its 
Serine-3 residue by LIM domain kinase (LIMK) and the tissue specific 
Testicular protein kinase (TES) (Yang et al. 1998; Toshima et al. 2001). This 
phosphorylation event inactivates the depolymerisation of F-actin and appears 
to be a crucial point of regulation of cofilin. Rho GTPase effector kinases, 
ROK, MRCK and PAK, have been reported to activate LIMK by 
phosphorylation, which in turn, phosphorylate and inactivate cofilin activity 
(Edwards et al. 1999; Delorme et al. 2007; Maekawa et al. 1999; Sumi et al. 
2001). As cofilin phosphorylation is important in its regulation, 
dephosphorylation by Slingshot (SSH) and Chronophin (CIN) are also crucial 
for reactivation of cofilin (Niwa et al. 2002; Eiseler et al. 2009; Gohla et al. 
2005). However, LIMK knock-out mice do not display the drastic phenotype of 
cofilin knock-out animals, suggesting a redundancy by other cofilin kinases 
such as TES kinase (Meng et al. 2002; Meng et al. 2004; Gurniak et al. 2005). 
There is a gradient of disassembly at the base of the lamella next to the cell 
body. The contractile transverse arcs and network contraction arrays undergo 
gradual disassembly from the distal to the proximal lamella (Vallotton et al. 
2004; Gupton and Waterman-Storer 2006; Gupton et al. 2007). The stress 
fibres of the cell body also eventually dismantle and turnover. However, 
definitive mechanisms have not been identified and are generally assumed to 
be mediated by cytosolic depolymerisation agents like Gelsolin, as it is 
localised to the stress fibres (Dissmann and Hinssen 1994; Sun et al. 1999). 
Tropomyosin, a large family of actin-binding proteins that may confer curious 
and exclusive properties to subsets of F-actin filaments (Gunning et al. 2008). 
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They appear to protect actin against severing, but not capping, at the base of 
lamellipodia (DesMarais et al. 2002; Wawro et al. 2007). However, 
tropomyosin competes with Arp2/3 for F-actin binding and is a probable 
mechanism for displacing Arp2/3 to stop branching/polymerisation of the F-
actin mesh at the base of the lamellipodium (Bugyi et al. 2010). Furthermore, 
the tropomyosins also are involved in MYO2 binding of actin filaments, 
suggesting that the labelling of actin filaments at the base of the lamellipodium 
by tropomyosin is a possible way of selecting filaments for protection against 
cofilin-mediated severing and these are bundled into the contractile MYO2-
rich lamellar bundles. Tropomyosin binding of F-actin does not prevent formin-
mediated actin polymerisation, thus allowing for possible repair and 
maintenance of actomyosin bundles by formins (Wawro et al. 2007). 
1.4 Myosin and actomyosin contractility. 
1.4.1 Introduction to the myosin motor proteins. 
Myosin is a major motor protein and very highly conserved throughout 
evolution. They are classified into 35 classes although many still remain 
unclassified (Odronitz and Kollmar 2007). Of these proteins, non-muscle 
myosin 2 (MYO2) is of paramount importance to actomyosin cytoskeleton 
establishment and is involved in a large variety of cellular events including 
migration and cytokinesis (Vicente-Manzanares et al. 2009).  
A majority of studies on the regulation of myosin contraction were carried out 
on smooth muscle myosin. Smooth muscle myosin heavy chain is closely 
related to non-muscle myosin heavy chains (MYO2A, MYO2B and MYO2C) 
and can even be partially replaced by MYO2 (Morano et al. 2000). They 
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consist of the typical head containing ATPase activity, a lever neck, and a 
long intermolecular coiling tail. When activated they form bipolar filaments that 
bind and exert a sliding tension amongst anti-parallel actin filaments. These 
bundles are known as actomyosin and play important roles in cell morphology 
and motility.  
The two major MYO2 heavy chain isoforms, MYO2A and MYO2B, share high 
homology with each other. However, they exhibit several biochemical and 
cellular localisation differences (Vicente-Manzanares et al. 2009). MYO2A has 
a rapid rate of ATP hydrolysis, resulting in more propulsion of F-actin, 
whereas MYO2B has a slower but prolonged contraction, resulting in 
sustained tension (Kovacs et al. 2003; Wang et al. 2003). These two major 
isoforms have some overlapping roles, but are largely considered to be 
distinct from each other. For instance, MYO2A expression was only able to 
rescue some of the neuronal defects in MYO2B knockout mice (Bao et al. 
2007). Perhaps as a result of these differences, the two MYO2 isoforms 
segregate into different types of bundles in the cell. MYO2A localises onto 
thinner and more dynamic filaments at the cell periphery, whereas MYO2B is 
found on thick and stable bundles at the rear of migrating cells (Kolega 1998; 
Vicente-Manzanares et al. 2008). MYO2C is less well characterised but was 
reportedly able to substitute for the other two isoforms in special 
circumstances, suggesting that it also shares some of their properties. Based 
on primary amino acid sequence, MYO2C is more divergent from MYO2A and 
MYO2B than smooth muscle heavy chain, suggesting that it may have a 
significantly different role (Golomb et al. 2004). 
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Interestingly, the heavy chains of the three MYO2 isoforms do not immuno-
precipitate each other, suggesting that they do not undergo 
heterooligomerisation (Golomb et al. 2004) although the coil regions in the tail 
share high homology and are able to self-dimerise. The specificity of these 
interactions is determined by the Assembly Competence Domain (ACD) near 
the tip of the C-terminus, and swapping this domain is sufficient for 
heterooligomerisation with the corresponding isoforms (Sandquist and Means 
2008; Sato et al. 2007). 
1.4.2 Structure and activation of MYO2. 
Myosin motors have a highly conserved mechanism of action. Except for class 
V myosin, they typically move towards the barbed end, also known as the plus 
end, of actin filaments. The structural basis for actin binding and myosin 
contraction is highly complex and not fully understood. However, much 
progress has been made in recent years especially in the crystallisation of 
myosin intermediates during the power stroke of the myosin head (Sweeney 
and Houdusse 2010; Malnasi-Csizmadia and Kovacs 2010). Briefly, myosin 
has a globular head domain that binds actin in an ATP-hydrolysis dependent 
manner. The head domain then swings towards the tail section, with the neck 
acting as a lever, to generate a sliding motion of the attached actin filament 
and is followed by a release of ADP and actin. The tails of most myosin 
molecules contains long stretches of coiled structures essential for self-
oligomerisation. The oligomerisation of myosin is crucial for aligning the 
myosin heads anti-parallel to each other to allow for anchorage and sliding of 
the bound F-actin. MYO2 holozyme consists of 3 distinct polypeptide chains, 
namely a heavy chain (MYO2A, MYO2B or MYO2C), an essential and a 
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RMLC. The heavy chains and the essential light chains form the actual motor 
mechanism, whereas the RMLC serves as a switch to control the ATPase and 
therefore the motor activity state (Adelstein and Conti 1975). 
A model of RMLC action suggested that in the unphosphorylated state, RMLC 
binds to both the head and tail sections of the heavy chain, forming a circular 
molecule that prevents actin binding and oligomerisation, therefore effectively 
inactivating the motor function (Figure 1.3) (Salzameda et al. 2006; Olney et 
al. 1996). However, when the RMLC is phosphorylated, either on S19 or both 
T18/S19, the tail section is released and the bipolar actin binding structure of 
non-muscle myosin is re-established. This model is supported by 
sedimentation assays on MYO2 with different RMLC phosphorylation states, 
with phosphorylated MYO2 being denser (more compact) than 
unphosphorylated molecules (Trybus et al. 1982; Olney et al. 1996). In 
addition, the observation that phosphorylated MYO2 is less detergent soluble, 
presumably due to F-actin binding, than unphosphorylated forms also support 
this model (Kolega and Kumar 1999). Another observation that the deletion of 
the IQ motive of the heavy chain that binds to RMLC lead to a constitutive 
activation of the myosin further supports this model (Uyeda and Spudich 
1993; Breckenridge et al. 2009). 
Thus, this model suggests an elegant switching mechanism for the regulation 
of motor activity by phosphorylation and allows for many pathways to control 
the contractile properties of the actomyosin system. Surprisingly, 
phosphorylation of only one RMLC may be required to activate the smooth  
muscle myosin dimer, implying that very low levels of phosphorylation is 
needed for MYO2 activity (Rovner et al. 2006). 
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1.4.3 Contractile actomyosin bundles. 
In a typical cell, actin filaments are mainly held together in bundles by α-
actinin (Pellegrin and Mellor 2007). The bundling is thought to increase the 
total strength of the filaments and also to offer rigidity. These actin bundles 
are further strengthened by MYO2 binding, forming a contractile unit known 
as actomyosin. The lever swing of MYO2 activity leads to the sliding of the 
bound actin filaments towards each other, creating a shortening (contraction) 
of the bundle or tension along the entire actomyosin bundle. The tension 
within the bundle is dependent on the ATPase activity of MYO2, which is in 
turn regulated by the phosphorylation state of the RMLC. 
In cells, there are three types of actomyosin bundles with distinct features, the 
ventral stress fibres, which are strongly anchored by adhesions at the ends, 
the dorsal stress fibres, which have only one end anchored, and the 
transverse arcs, which are not anchored and are highly mobile (Small et al. 
1998; Gardel et al. 2010; Pellegrin and Mellor 2007). The ventral stress fibres 
contain high levels of MYO2 and therefore have very high tension. The dorsal 
stress fibres have a gradual substitution of α-actinin for MYO2 away from the 
adhesion sites, suggesting that they may not be have much contractility, and 
may represent an intermediate state of actomyosin bundling. The transverse 
arcs have uniform MYO2 incorporation, however, they are not attached to 
ECM adhesions, and therefore the role of their contractility is not immediately 
obvious. There is some evidence suggesting that they too are intermediate 
structures (Anderson et al. 2008), although their roles in cellular protrusion 
has been highly speculated and studied. 
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There is plentiful evidence showing that the F-actin found in the actomyosin 
filaments originate from the cell edge, although it appears that the actomyosin 
bundles are not strictly selective for their source of F-actin (Anderson et al. 
2008; Nemethova et al. 2008; Hotulainen and Lappalainen 2006). Transverse 
arcs are thought to be formed from the lamellipodia actin mesh and filopodia, 
probably by the bundling of dendritic mesh and filopodia core into discrete 
filaments by MYO2 (Figure 1.4). These filaments move in a retrograde 
manner from the distal to proximal lamella and are dependent on MYO2 
activity. Dorsal stress fibres appear to be generated from formin activity 
associated with an adhesion and ventral stress fibres appear to be derived 
from dorsal stress fibres and transverse arcs. Another possible mechanism of 
ventral stress fibre formation involves the direct ligation of either two opposing 
dorsal stress fibres or other actin filaments attached to focal adhesions 
(Zimerman et al. 2004; Hotulainen and Lappalainen 2006). 
Filopodia can contribute to the formation of actin bundles of lamella by 
internalisation and incorporation with MYO2 (Nemethova et al. 2008; 
Anderson et al. 2008). Another study supports these observations by showing 
that the Rho GTPase Rho in Filopodia (RIF), which is heavily involved in 
filopodia formation, contributes to stress fibre formation, presumably by 
activating both mDia2 and mDia1, providing actin bundles from filopodia 
and/or directly on stress fibres via mDia1 activity (Fan et al. 2010). 
Interestingly, adhesions formed at the base of filopodia frequently develop into 
mature adhesions in the lamella, providing further evidence for the fate of  
filopodia as precursors of actomyosin bundles (Nemethova et al. 2008). Thus, 
these observations suggest a simple mechanism with which the sensory 
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filopodia can control directionality of migration, by determining the orientation 
of the stress fibres and adhesion sites (Steketee and Tosney 2002; 
Nemethova et al. 2008). 
Apart from the mechanisms described above, there are other pathways that 
are equally important for the formation of the contractile filaments. These 
mechanisms have the role of patching, bundling and providing extra F-actin 
as required, for example, the effects of ROK phosphorylation on MYO2 
bundling is not sufficient for stress fibre formation and requires mDia1 activity 
as well, suggesting that additional F-actin polymerisation is needed for proper 
stress fibre formation (Watanabe et al. 1999). Interestingly, stress fibre 
damage can be repaired by a Zyxin-mediated mechanism involving VASP, 
presumably to supply new filaments as raw materials (Smith et al. 2010; 
Yoshigi et al. 2005). Thus the actomyosin filaments are not static structures 
but are continually contracting, assembling and disassembling at any point in 
time. 
1.4.4 Regulation of actomyosin bundle formation. 
Actomyosin bundles are formed by MYO2 binding/bundling to F-actin bundles, 
which is dependent on phosphorylation of the RMLC (Scholey et al. 1980). 
Different phosphorylation states of RMLC leads to different effects. Serine-19 
phosphorylation is sufficient to induce ATPase activity of the MYO2 holozyme 
and also the assembly into the bipolar functional form. Threonine-18/Serine-
19 di-phosphorylation of RMLC leads to higher ATPase activity of the MYO2 
and also increases the bundling activity of MYO2 (Ikebe et al. 1988; Mizutani 
et al. 2006). ROK is a major kinase that di-phosphorylates RMLC during 
interphase (Ueda et al. 2002; Katoh et al. 2001). During mitosis, another 
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RhoA effector, Citron Kinase also di-phosphorylates the RMLC at the 
contractile myosin ring (Yamashiro et al. 2003). Thus, RhoA induces the 
formation of thick and highly contractile bundles via the control of MYO2 
activity by ROK and Citron kinase phosphorylation. 
Serine-19 phosphorylation is carried out by a number of kinases. The 
Calcium-dependent Myosin Light Chain Kinase (MLCK) is a major kinase 
responsible for Serine-19 phosphorylation in smooth muscle cells (Scholey et 
al. 1980). However, recent studies have shown conflicting data on the role of 
MLCK in non-smooth muscle cells (Totsukawa et al. 2000; Tan et al. 2008). 
Another major kinase able to phosphorylate RMLC at Serine-19 is the Cdc42 
regulated MRCK (Leung et al. 1998). This kinase has been implicated in 
actin-dependent cell polarisation at the beginning of migration (Gomes et al. 
2005). More recently, it was reported to form a complex with two proteins, 
Leucine repeat adaptor protein (LRAP35a) and the MYO2-related Myosin18A, 
and this complex is important for the establishment of special pools of cellular 
actomyosin involved in migration (Tan et al. 2008). 
Apart from the phosphorylation by kinases, the de-phosphorylation of RMLC 
appears to be equally important, especially in smooth muscle cells. Myosin 
light chain phosphatase (MP) is a holozyme consisting of the catalytic protein 
phosphatase 1 β/δ (PP1 β/δ), a Myosin targeting subunit (MYPT) and a M20 
subunit (Hartshorne et al. 2004). This holozyme is intrinsically active and 
dephosphorylates RMLC rapidly and is inhibited upon phosphorylation of the 
MYPT subunit, by several kinases including ROK and MRCK (Kimura et al. 
1996; Tan et al. 2001). Several other MYPT genes are also similarly regulated 
and the inhibition by ROK is the molecular process of Calcium sensitisation of 
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permeabilized smooth muscle, whereby ROK phosphorylation of MYPT 
prevents RMLC de-phosphorylation after Calcium-dependent MLCK 
phosphorylation (Uehata et al. 1997). Interestingly, phosphorylation of two 
members of the MYPT family (MYPT and TIMAP) activated the phosphatase 
activity rather than inactivate (Yong et al. 2006; Li et al. 2007). Recent studies 
have also suggested that MP may de-phosphorylate a growing list of proteins, 
however, their significance is as yet unclear (Matsumura and Hartshorne 
2008).  
1.5 Focal adhesions. 
1.5.1 Introduction to the Focal adhesions. 
Focal adhesions are defined by their role in anchoring actin cables to the 
various extracellular matrices (ECM) available. These structures varies in 
composition with the types of substrate ECM it is bound to. The focal 
adhesions are at the heart of complex signalling pathways and ultimately 
determine cell fate, morphology and motility. Interestingly, focal adhesions are 
very dependent on the actomyosin system to generate the tension that 
induces stabilisation and growth of the adhesions, suggesting that cells 
require constant mechanical forces to adhere to the ECM. Adhesion formation 
is highly regulated by the Rho GTPases (Rottner et al. 1999; Nobes and Hall 
1995). 
The “Adhesome” is a recent attempt to summarise the wiring of adhesion 
signalling, however, the picture is far from complete (Zaidel-Bar et al. 2007; 
Zaidel-Bar and Geiger 2010). The Rho GTPases occupy key positions in the 
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proposed “Adhesome” and are involved in almost every step from adhesion 
formation to disassembly, through both their effectors and regulators. 
Due to the immense complexity of this topic, a simplified overview of the 
formation, dynamics and disassembly of focal adhesions will be presented in 
this section as these processes are most relevant to cell motility. 
1.5.2 Focal adhesion formation and structure. 
Integrins are the major transmembrane glycoproteins found in all focal 
adhesions that bind to the ECM (Hynes 2002). They exist as various isoforms 
which heterodimerise and show different affinities towards different ECM 
ligands. The integrins typically have a C-terminal tail that is phosphorylated on 
Tyrosine when activated. This, in turn, results in the recruitment of many 
different accessory proteins like Talin and Paxillin, kicking off further signalling 
steps and protein recruitments, of which, actin filaments are of utmost 
importance. Actin filament recruitment is a key turning point in focal contact 
formation and represents the temporal event whereby the nascent adhesions 
mature into actual focal adhesions. 
Focal adhesions are not all equal. There is a sequential development of 
individual adhesions as it progresses by increasing its size and molecular 
complexity (Laukaitis et al. 2001; Gardel et al. 2010). Paxillin is one of the first 
molecules to bind to the activated and ligated integrins (Laukaitis et al. 2001). 
Talin is the physical link between actin and integrins at the focal adhesions 
(Brunton et al. 2004; Kanchanawong et al. 2010; Jiang et al. 2003). Talin is 
involved in sensing mechanical stresses on the adhesions and recruits 
Vinculin as a result of stretching (Roca-Cusachs et al. 2009; del Rio et al. 
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2009), although it does not appear to display adhesion strength dependent 
rate of turnover (Brunton et al. 2004). Talin has also been reported to bind 
almost all the other focal adhesion proteins and may represent a bridging 
scaffold for the rest of the components (Critchley 2009; Kanchanawong et al. 
2010). 
Actomyosin bundles are the major generators of force in the cell. These 
bundles generate contractile force and when attached to an adhesion, the 
contractile forces are translated to tension and mechanical stress on the 
components at the adhesions. This mechanical stress induces focal adhesion 
stabilisation and growth, therefore supporting cell attachment. On another 
note, MYO2 also bundles actin and thereby clustering the integrins bound to 
the ends of the actin filaments, resulting in a larger focal adhesion and their 
apparent growth (Galbraith et al. 2002; Brunton et al. 2004). This mechanism 
may not involve MYO2 contraction at all, with its bundling of F-actin being 
sufficient (Choi et al. 2008). 
Vinculin might have the role of structurally reinforcing the ECM and actin 
(Galbraith et al. 2002; Humphries et al. 2007). Vinculin was also reported to 
bind Talin only when the latter is mechanically stretched (del Rio et al. 2009). 
Therefore, it is often associated with high tension adhesions, like those 
anchoring stress fibres but not fibrillar adhesions (Amano et al. 1997; Zamir et 
al. 1999; Zimerman et al. 2004). VASP and Zyxin polymerise actin and are 
found only in mature, high tension adhesions, whereby they may have roles to 
play in the maintenance of the attached actin cable (Yoshigi et al. 2005; Smith 
et al. 2010). 
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Tensin is yet another actin binding adhesion protein (Lo et al. 1994). It binds 
to F-actin at the N-terminus and has adhesion targeting domains in both N- 
and C-terminal regions (Chen and Lo 2003). Tensin1 has also F-actin capping 
activity, although its significance is not readily apparent (Lo et al. 1994; 
Chuang et al. 1995). It labels the less well-studied fibrillar adhesions, which 
are Fibronectin-binding adhesions that have been observed to translocate 
frequently (Pankov et al. 2000). It has very little staining overlap with Vinculin 
or phosphorylated Tyrosine (Zamir et al. 1999; Zaidel-Bar et al. 2003). 
Inhibition of Tensin by a dominant negative C-terminus form appears to 
facilitate cell motility (Katz et al. 2007; Liao et al. 2009), however, up 
regulation of Tensin also has been reported to induce motility (Chen et al. 
2002; Hall et al. 2009). An elegant and simple study also showed that the 
fibrillar adhesions are derived from mature focal adhesions after continual 
application of force (Zaidel-Bar et al. 2004). These adhesions then began to 
modify the attached Fibronectin ECM as well, perhaps as a potential 
mechanism of relieving the accumulated tension (Zamir et al. 2000). 
Recent work has also carefully defined the arrangement of the components of 
focal adhesions, although some proteins like Tensin were not included 
(Kanchanawong et al. 2010). The entire thickness of the focal adhesion from 
ECM substrate to actin cable is approximately 40nm thick, consisting of a 
sandwich of integrin, FAK/Paxillin, Talin/Vincullin, Actinin/Zyxin/VASP and 
most cytoplasmic of all, F-actin. 
1.5.3 Focal adhesion dynamics. 
Focal adhesions are not static structures, but are highly dynamic with 
individual component molecules being exchanged at a constant rate and the 
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entire structure has been reported to slide along towards the cell centre in 
stationary cells (Smilenov et al. 1999). However, not all adhesions undergo 
this retrograde movement (Pankov et al. 2000). 
The cell can also be divided into three zones according to the state of 
adhesions there (Smilenov et al. 1999). The formation zone, which lies at the 
base of the lamellipodium and is also the convergence zone between the 
lamellipodium and lamella (Hu et al. 2007), the persistence zone, where 
adhesions grow and mature, stretches from the lamella to the cell body, and 
the culling zone at the rear of the cell, where adhesions are disassembled. 
At the formation zone, small Paxillin rich adhesions (known as nascent 
adhesions) do not fuse to form larger ones, thus partially discounting the 
hypothesis that Myosin help generate larger adhesions by bundling actin, and 
their attached adhesions, together (Laukaitis et al. 2001). Instead, tension on 
the adhesions by MYO2 activity stimulates growth and maturation (Balaban et 
al. 2001; Zaidel-Bar et al. 2004). A major regulatory mechanism by RhoA 
effectors ROK and mDia1 maintains the tension of the actomyosin and 
therefore induces the maturation of adhesions (Watanabe et al. 1999; Riveline 
et al. 2001). Mechanical forces are thought to stretch key molecules like Talin 
and reveal otherwise cryptic sites for interaction/signalling with other partners, 
thereby initiating adhesion development (Vogel and Sheetz 2006). 
Inhibition of mDia2 also decreased both focal adhesion assembly and 
turnover (Gupton et al. 2007). However, mDia2 is a key formin for filopodia 
formation and since a large subset of adhesions form at the base of filopodia; 
these observations may be due in part to the disruption of filopodia formation 
(Nemethova et al. 2008). 
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1.5.4 Focal adhesion turnover and disassembly. 
The cycle of adhesion formation and disassembly is important for sustained 
cell migration (Lauffenburger and Horwitz 1996; Webb et al. 2002). Focal 
adhesion turnover is the disassembly of adhesions at the base of the 
lamellipodium whilst other nascent adhesions are being established nearer to 
the leading edge. Adhesion disassembly is the gradual or abrupt 
disappearance of mature adhesions at the rear of the cell (Laukaitis et al. 
2001). 
FAK appears to play a major role in disassembling the focal adhesions. FAK 
deficient cells from knockout mice displayed larger, stable adhesions and 
reduced turnover (Ilic et al. 1995). FAK inhibition by specific inhibitors also 
leads to reduced focal adhesion turnover (Slack-Davis et al. 2007). FAK 
phosphorylation of Paxillin initiates focal adhesion turnover and disassembly 
(Webb et al. 2004). The Src, Yes and Fyn family of tyrosine kinases are also 
heavily involved in focal adhesion disassembly, although mainly by regulating 
FAK activity, with Src family deficient cells also having overly large adhesions 
(Parsons et al. 2010; Fincham and Frame 1998). This process requires 
mDia1, suggesting that Rho proteins are involved in Src-induced focal 
adhesion turnover (Yamana et al. 2006; Webb et al. 2004). 
Some cells leave integrin patches behind on the substrate after migrating 
pass (Palecek et al. 1998; Crowley and Horwitz 1995). This phenomenon is 
MYO2 dependent, suggesting that MYO2 generated tension required for 
ripping the adhesions apart at the rear of the cells. Interestingly, cells deficient 
in either the Src family kinases or FAK leaves integrin and Paxillin-rich 
clusters behind on the surface after progressing past (Webb et al. 2004). This 
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observation suggests that without these kinases to modulate disassembly, the 
cell could compensate by trimming off the basal components from the 
adhesions to illicit disassembly. This idea is supported by the studies that a 
special protease Calpain cleaves key components of the adhesions, 
presumably to release tension and achieve adhesion disassembly (Franco et 
al. 2004; Glading et al. 2002). Calpain substrates include adhesion spanning 
proteins Tensin and Talin (Chen et al. 2000; Franco and Huttenlocher 2005). 
Thus, adhesions at the rear are disassembled after trimming by Calpain and 
are also ripped apart by MYO2 activity. 
1.6 Septin filaments. 
1.6.1 Introduction to the septins. 
Mammalian septins are a large family GTP-binding filament-forming proteins 
(Macara et al. 2002; Spiliotis and Nelson 2006). These proteins have recently 
been reported to be involved in several diseases. Mutations in Sept9 were 
indentified in hereditary neuralgic amyotrophy (HNA) patients (Kuhlenbaumer 
et al. 2005) and deregulated Sept9 levels were also implicated in tumours and 
cell motility (Montagna et al. 2003; Chacko et al. 2005; Hall and Russell 
2004). They were originally identified as a ring of proteins at the bud neck of 
Saccharomyces cerevisiae that, either segregates by forming a diffusion 
barrier between the mother and daughter cytoplasm, or act as a scaffold for 
targeting of specific proteins to achieve segregation (Oh and Bi 2010). In 
mammalian cells, septins have also been reported to function as barriers for 
compartmentalisation of cellular spaces and membranes (Kinoshita 2006; 
Caudron and Barral 2009). During mammalian cytokinesis, septins line along 
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the mid-body and act as a diffusion barrier to soluble proteins (Schmidt and 
Nichols 2004). Mammalian septins have been shown to localise at the bases 
of cilia and dendritic spines, where they function to restrict and enrich specific 
components in these structures (Hu et al. 2010; Tada et al. 2007; Xie et al. 
2007). They may extend this function to prevent the spread of intracellular 
pathogens (Mostowy et al. 2010). They may also play roles in the targeting 
and sequestration of proteins at specific locales as well, including the mitotic 
spindles (Joo et al. 2007; Kremer et al. 2007; Spiliotis et al. 2005). 
Mammalian septins are associated with both the actin and microtubule 
cytoskeletons. They may bind actin through Anillin, a major bridging and 
targeting protein at the midline of cells during cytokinesis (Kinoshita et al. 
2002; Piekny and Glotzer 2008). Septin filament dynamics may also alter actin 
filament structures in interphase cells (Hu et al. 2008). The septins also line 
the microtubules, especially the mitotic spindles and function as scaffolding 
for the specific binding of proteins (Surka et al. 2002; Spiliotis et al. 2005). 
Septins have been reported to bind MAP4 and regulate microtubule stability 
for vesicular targeting and transport (Kremer et al. 2005; Spiliotis et al. 2008). 
As these actin and microtubule networks drive cell motility, septins are 
expected to play a role in regulating cell migration through interactions with 
the actin and/or microtubule networks. 
1.6.2 Structure of the septin filaments. 
Budding yeast (Saccharomyces cerevisiae) has seven septin genes, Cdc3, 
Cdc10, Cdc11, Cdc12, Shs1, Spr3 and Spr28 (Versele and Thorner 2005). Of 
these seven proteins, Cdc3, Cdc10, Cdc11, Cdc12 and Shs1 are involved in 
mitosis and are localised to the bud neck between the mother and daughter 
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cells, at a structure known as the septin collar. However, Shs1 is not essential 
for cell viability and septin collar formation as it is not part of the core filament 
backbone (Versele et al. 2004). Purified S. cerevisiae septins forms 
heterooligomers with a basic (Cdc11-Cdc12-Cdc3-Cdc10-Cdc10-Cdc3-
Cdc12-Cdc11) repeat structure that is presumably repeated to form a filament 
(Bertin et al. 2008). These purified septin filaments often form a “rail road 
track” of parallel filaments, possibly formed by the interactions between the 
coil-coiled domains that protrude from the backbone, cross-linking them. 
Like budding yeast septins, mammalian septin filaments are formed from 
discrete heteromeric complexes that are arranged into filaments in a similar 
fashion (Sirajuddin et al. 2007). The individual S. cerevisiae septins are 
structurally representative of the four main mammalian septin sub-groups, 
(Versele and Thorner 2005; Spiliotis and Nelson 2006). Based on their 
domain arrangement the various mammalian septin isoforms can be 
subdivided into 4 major subgroups, namely Sept2, Sept3, Sept6 and Sept7 
sub-groups (Figure 1.5). A member from each group is required for the 
formation of a complex and therefore a filament. The structure of septin 
filaments containing Sept2, Sept6 and Sept7 has been extensively studied in 
vitro, they form a short, flexible line that constitutes the core backbone of the 
septin filament (Sheffield et al. 2003; Low and Macara 2006). Thus, the actual 
filament is envisioned to be composed of strings of these short stubs. The  
crystal structure of Sept2 is solved and together with extrapolated models of 
Sept6 and Sept7 based on previous work, a virtual crystal structure of the 
mammalian septin filament was visualised (Sirajuddin et al. 2007). These 
studies suggested that septin filaments are non-polar, head-to-head  
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heteromeric complexes that may be lined together to form filaments. However, 
these studies involved only three Sept proteins, representing the minimal 
requirements and a simplified view of actual physiological septin filaments. 
Other “accessory” Sept proteins, like the Sept3 group, also decorate 
endogenous septin filaments and may confer additional interactions and/or 
physiological functions for these filaments. For example, SA-RhoGEF was 
reported to bind to the accessory septin, Sept9 (Nagata and Inagaki 2005). 
Thus, while the solving of the Sept2 crystal structure shed light on the core 
septin filament backbone structure, many physiologically relevant questions 
like the interaction surfaces to actin or microtubules remain to be answered. 
Recent work has also proposed alternative filament structures with deviations 
from the model depicted above (Nakahira et al. 2010), however, these studies 
are preliminary and their physiological significance is not known. 
1.6.3 Regulation of mammalian septins by Rho GTPases. 
Binders of Rho GTPase (BORG) are a family of Cdc42 binding proteins 
(Joberty et al. 1999; Hirsch et al. 2001), with BORG3 being able to induce 
septin polymerisation through its BD3 domain (Joberty et al. 2001; Sheffield et 
al. 2003). BORG5, also known as MES55, was originally identified to be 
involved in the modification of actin structures and forming 'pseudopodia', an 
actin rich structure that extends out of the cell when MSE55 was over 
expressed (Bahou et al. 1992; Hirsch et al. 2001). The BORG family contains 
a highly conserved CRIB domain that is specific for Cdc42 and the closely 
related TC-10 Rho GTPase family members (Joberty et al. 1999). Apart from 
the CRIB, three other conserved domains, the BD1, BD2 and BD3 were also 
conserved, although BORG3 does not contain the BD2 domain (Joberty et al. 
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1999; Hirsch et al. 2001). However, only the BD3 domain has been 
characterised, and was found to bind and polymerise septins (Joberty et al. 
2001; Sheffield et al. 2003). 
Apart from the BORG family of Cdc42 effectors, septins also bind the RhoA 
effector Rhotekin, although the function of this interaction is unclear (Ito et al. 
2005). Recent work has suggested that the stress fibre localised Rhotekin 
may have a role in septin interactions with actin (Sudo et al. 2007). The RhoA 
effectors ROK and Citron kinase are also linked to septins. Septin filaments 
were reported to bind MYO2 and act as a platform to facilitate RMLC 
phosphorylation by these two kinases during cytokinesis (Joo et al. 2007). 
Septins also bind to a Rho regulator, SA-RhoGEF (Nagata and Inagaki 2005). 
Curiously, SA-RhoGEF is inhibited by septin binding, suggesting that local 
RhoA activity in the vicinity of septins is expected to be reduced, which is in 
conflict with RhoA effector activity being closely associated with septins. Thus, 
the relationship between septins and Rho GTPases are complex with several 
unresolved issues. 
1.7 Objectives of this study. 
Cellular motility is a complex process. Although much progress has been 
reported, many new molecules and signalling pathways are continually being 
implicated in the process of cell migration. The Cdc42 effector kinase MRCK 
is known to be involved in regulating cellular protrusion for motility. However, 
the mechanism of Cdc42/MRCK regulation of the actomyosin during migration 
is incomplete as not much is known about MRCK activity at the cell body, 
where a large pool of MRCK is present. Septins are also implicated in 
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actomyosin dynamics and cell motility, although the exact molecular 
mechanisms they are involved in are still unclear. 
The main objective of this study is to characterise the roles of septins 
actomyosin dynamics downstream of Rho GTPases. As ROK and MRCK are 
major regulators of MYO2 and actomyosin dynamics, the effects of their 
activities on septins will also be explored. Finally, the possible mechanism of 
septin involvement in cell motility is also investigated. 
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Chapter 2. Materials and methods. 
2.1 DNA manipulation. 
2.1.1 PCR and mutagenesis. 
Polymerase chain reaction (PCR) was carried out using Vent polymerase 
(New England Biolaboratories) or Hotstar (Qiagen) according to the 
manufacturer’s instructions. Oligonucleotide primers were ordered from Sigma 
or Research Biolabs and used at a final concentration of 1μM per 50μL 
reaction. 
Site directed mutagenesis was carried out using Quikchange 2 mutagenesis 
kit from Stratagene according to the manufacturer’s protocol. Products were 
digested with Dpn1 restriction enzyme and transformed into XL-1 Blue 
bacteria. 
2.1.2 Restriction enzyme digestion, DNA electrophoresis and In-gel 
ligation. 
Restriction enzymes were purchased from New England Biolaboratories or 
Fermentas. All digests were carried out using 0.5-1μg of DNA and were 
carried out in 20μL total volumes at the recommended temperatures. 
DNA electrophoresis was carried out using TAE (40mM Tris-acetate, 10mM 
EDTA) buffered 1% Agarose or Low Melting Point Agarose containing 
0.05mg/mL Ethidium Bromide. DNA were separated at a constant 100V and 
visualised on a ultraviolet trans-illuminator. 
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DNA bands of interest were excised from Low Melting Point Agarose, rinsed 
with sterile deionised water, diluted in 3 volumes of deioned water and melted 
at 70oC for 5 minutes. Ligation was carried out with a 1:3 ratio of Plasmid to 
Insert volumes using T4 DNA ligase from Fermentas. 
2.1.3 Chemically competent bacterial cell preparation and 
transformation. 
XL-1 Blue bacterial strain from Stratagene was used to propagate all DNA 
plasmids. XL-1 Blue cells were grown overnight with agitation at 37oC in Luria-
Bertani broth (LB) containing 25μg/L Tetracycline. Cultures were then diluted 
into 800mL of fresh LB and incubated at 37oC with shaking until an optical 
density (OD) of 0.6 at 600nm wavelength was observed. Cells were pelleted 
at 3 500 rpm for 5 minutes in a Sorvall benchtop centrifuge and resuspended 
in 160mL of cold RF1 solution (30mM Potassium Acetate pH 5.8, 100mM 
Rubidium Chloride, 10mM Calcium Chloride, 50mM Manganese Chloride and 
15%v/v Glycerol). Resuspended cells were incubated on ice for 20 minutes 
and collected by centrifugation at 3 500 rpm for 5 minutes at 4oC. The 
bacterial cells were resuspended in 64mL of cold RF2 (10mM MOPS pH 6.5, 
75mM Calcuim Chloride, 10mM Rubidium Chloride and 15%v/v Glycerol) and 
200μL aliquots were frozen in liquid nitrogen and stored at -80oC. 
For transformation of competent cells with plasmids, an aliquot of frozen 
bacteria was thawed on ice. 40μL of bacteria were typically used per plasmid 
or ligation product and incubated on ice for 20 minutes. After incubation, cells 
were incubated in a 42oC water bath for 45 seconds (heat shock) and 
resuspended in 100μL of LB followed by a recovery at 37oC for 1 hour. 
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Transformants were selected for using 50μg/mL Ampicillin in liquid LB or 1.5% 
LB Agar. 
2.1.4 Plasmid preparation. 
All DNA plasmids were purified from Xl-1 Blue bacterial cultures using Axygen 
Mini prep kits or Qiagen Midi prep kits according to the manufacturer’s 
instructions. These kits are based on alkaline lysis of bacteria followed by 
DNA affinity purification on silica gel beads. DNA were eluted and stored in 
Tris-EDTA pH 7.5 (TE) buffer. DNA plasmids for transfection were typically 
diluted to 0.5μg/mL in TE buffer. 
2.1.5 siRNA and DNA constructs. 
SiRNA against MRCK and Cdc42 were as reported previously (Tan et al. 
2008). SiRNA against 
BORG5 (B5-1, GACAGCCUCGUGGUUGGCAAGCUCA; 
B5-2, ACAGUGCAAGCAAACACCUUUGAAU), 





S9-4, CAGCCCAUCAUGAAGUUCAUCAAUG) were purchased from 
Invitrogen. 
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DNA constructs for the ectopic expression of the various proteins used in this 
study were as previously reported (Tan et al. 2008). Murine BORG3 
(Ascension number NM_021454), Human BORG5 (Ascension number 
NM_152243), Human Sept9 (Ascension number NM_006640) and Human 
Sept11 (Ascension number NM_018243) were obtained by PCR from 
NIH3T3, HeLa, or U2OS cDNA, cloned into pXJ40 vector and confirmed by 
sequencing. Cdc42Y40C and BORG52A were generated using QuikChange2 
mutagenesis kit (Stratagene). 
BORG3 BD3 (amino acid 83-150), -Actinin CH (amino acid 1-329), Nesprin1 
CH domain (amino acids 1-567) and Nesprin1 KASH domain (amino acid 
8413-8749) were also obtained by PCR from NIH3T3 or HeLa cDNA.  
Dendra2 fluorescent tag was from Evrogen. Tensin1 construct was derived 
from an EST clone (IMAGE: 40074822) and the Tensin C-terminus (amino 
acids 1229-1721) was constructed from an internal Sma1 fragment. mNesprin 
minigene was constructed by joining a 6 kb 5’ fragment of  human Nesprin1 
including the CH domain to a 10.5 kb 3’ fragment of clone KIAA1101 
containing the KASH domain. For mNesprin ΔCH, the 5’ of mNesprin (amino 
acids 14-285) was deleted using mutagenesis. 
2.2. Protein methodology. 
2.2.1 GST fusion protein purification and antibody production. 
The N-terminus of Sept9 was generated by restriction digest of full length 
Sept9 DNA construct with BamH1 and EcoRI. The resulting fragment was 
ligated into pGEX 4T1 vector and transformed into BL21 Codon-plus bacteria 
and cultured overnight at 37oC with agitation. The overnight cultures were 
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expanded into 1.2L cultures and grown at 37oC with agitation to an optical 
density (OD) of 0.7 at 600nm wavelength. The GST-fusion proteins were 
induced using 0.1g/L Isopropyl β-D-1-thiogalactopyranoside (IPTG) with 
gentle agitation for 3 hours. 
Bacterial cells were collected by centrifugation at 5 000 rpm in a GLA-3000 
rotor in a Sorvall RC-5 centrifuge. Baterial pellets were lysed in Lysis buffer 
(PBS supplemented with 50mM HEPES-NaOH pH 8.0, 0.1%v/v Triton X-100 
(Tx), 0.375mM PMSF and 1mg/mL Lysozyme). Bacterial extracts were 
incubated for 20minutes on ice and sonicated to break the stands of DNA. 
Lysates where then clarified by centrifugation at 60 000g for 30 minutes at 
4oC and the supernatant collected for affinity purification using Glutathione-
sepharose beads. The lystes were incubated with the beads for 4 hours at 
4oC with gentle mixing by inversion. Beads were then collected by 
centrifugation at 300 rpm for 5 minutes in a Sorvall benchtop centrifuge, 
packed into a column and washed extensively using Lysis buffer without 
PMSF and Lysozyme. Purified GST-fusion proteins were eluted using 10mM 
reduced Glutathione in PBS with 0.1%v/v Tx and dialysed extensively in PBS. 
The GST-Sept9 N-terminus fusion proteins were used to immunise mice at an 
in-house antibody production facility to produce Anti-Sept9 antibodies. 
2.2.2 Cell lysis and nuclear extract preparation. 
Cell lysates were prepared by scraping cells in IP buffer (25mM HEPES-
NaOH pH 7.3, 150mM Sodium Chloride, 1.5mM Magnesium Chloride, 1.0mM 
Sodium OrthoVandate, 20mM Glycerol-2-phosphate, 0.5mM EDTA, 5%v/v 
Glycerol and Complete protease inhibitor cocktail (Roche)) and passed 
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through a 23G needle twice to shear the cells. For nuclear extract preparation, 
cells were lysed as described previously (Percipalle et al. 2002). Briefly, cells 
were treated for 20 minutes at room temperature with 0.5mM Dimethyl 3,3’-
dithiobispropionimidate.2HCl (DTPB; Thermo Scientific), or PBS as control, 
and scraped in PBS with 0.2% IGEPAL (NP-40) with Complete protease 
inhibitor cocktail and sheared gently by passing through a 23G needle twice. 
Nuclei were collected by centrifugation at 2000 g for 5 minutes at 4oC, washed 
twice in cold PBS and then resuspended in PBS with 0.2%v/v NP-40 followed 
by sonication for 2 pulses of 5 seconds each. All extracts were centrifuged at 
14000g for 10 minutes at 4oC to pellet insoluble material. 
2.2.3 Immuno-precipitation and SDS-PAGE. 
Cultured cells were scraped in IP buffer (25mM HEPES-NaOH pH 7.3, 
150mM Sodium Chloride, 1.5mM Magnesium Chloride, 1.0mM Sodium 
OrthoVandate, 20mM Glycerol-2-phosphate, 0.5mM EDTA, 5%v/v Glycerol, 
0.2%v/v Tx and Complete protease inhibitor cocktail (Roche)) and passed 
through a 23G needle twice to shear the cells. Lysates were clarified by 
centrifugation at 13 000 rpm at 4oC and the supernatant recovered. For 
immuno-precipitation, lysates were incubated with Anti-FLAG (M2) conjugated 
beads (Sigma) for 4 hours with mixing by inversion at 4oC. Beads were 
collected by centrifugation at 2 000 rpm at 4oC for 2 minutes and washed five 
times in IP buffer. Immuno-precipitates were boiled for 10 minutes in SDS-
PAGE sample buffer (62.5mM Tris-Hcl pH6.8, 1% SDS, 16%v/v Glycerol and 
0.005%w/v Bromophenol blue) to elude the bound proteins. 
Proteins were typically separated on a 10% SDS-PAGE gel (10%w/v 
Acrylamide mix (29:1 Bris-Acrylamide), 37.5mM Tris-HCl pH 8.8, 8%v/v 
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Glycerol, 0.0625%w/v Ammonium Persulphate and 0.000625%v/v TEMED) at 
a constant 180V. Separated proteins were then transferred onto Poly-Vinyl-Di-
Fluoride (PVDF) membranes in PVDF transfer buffer (30g/L Tris, 6g/L Glycine 
and 10%v/v Methanol) using a Semi-dry Electrotransfer apparatus (BioRad 
Laboratories) for Western blotting. 
2.2.4 Western blotting and antibodies. 
PVDF membranes were stained in 1%w/v Coomaissie Blue in destaining 
solution (40%v/v Methanol and 10%v/v Acetic Acid) and destained by several 
washes in destaining solution to visualise the protein bands. PVDF 
membranes were then rinsed in PBST (PBS with 0.1%v/v Tween-20) and 
blocked in 5%w/v skim milk in PBST. Primary antibodies were diluted in PBST 
accordingly and incubated with the PVDF membranes for 2 hours at room 
temperature or overnight at 4oC. Three washes of 10 minutes each using 
PBST were followed by incubation of Horse radish peroxidise-conjugated 
secondary antibodies for 45 minutes at room temperature. Membranes were 
then washed another three times with PBST and incubated with ECL chemi-
luminescence reagent (GE lifesciences). Bands were detected by exposure to 
positive film (FujiFilm). 
Anti-actin, GAPDH, Sept6, Sept7 and Tensin1 were purchased from Santa 
Cruz biotechnology. Antibodies against BORG5, non-muscle myosin 2B and 
Vinculin were from Sigma. Phospho-Myosin Light Chain 2 (Ser19) Antibody 
(pRMLC) was from Cell signalling. Anti-MRCK was raised as descried 
previously(Tan et al. 2008) and mouse anti-Sept9 was raised against the N-
terminus of human Sept9_v3 (amino acids 1-202). Rabbit anti-Sept9 and 
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Sept11 were gifts from Dr. Koh-Ichi Nagata (Institute for developmental 
research, Aichi, Japan) and anti-Lamin A/C was a gift from Dr. Uttam Surana 
(Institute of Molecular and Cell Biology, Singapore). Anti-Nesprin1 (Enaptin 
SpecII and Enaptin ABD) antibodies were a gift from Prof. Angelika A. Noegel 
(Institute of Biochemistry I, University of Cologne, Köln, Germany). 
2.3 Cell culture. 
2.3.1 Maintenance of cultured mammalian cells. 
HeLa (Human cervical cancer) cells were grown in Minimum Essential 
Medium supplemented with 10% Fetal Bovine Serum (FBS), 1mM L-
Glutamine, 1X MEM Non-essential amino acids solution (Gibco), 10mM 
Sodium Pyruvate and 0.15%w/v Sodium Bicarbonate. U2OS (Human 
Ostreosarcoma) cells were grown in Dulbeccos modified Eagle medium 
(DMEM) supplemented with 10%v/v FBS. Both HeLa and U2OS cells were 
cultured on Nunclon dishes (Nunc), incubated at 37oC in a humid 5 % carbon 
dioxide atmosphere. 
2.3.2 Transfection of cultured mammalian cells. 
Cells were plated at 50-70% confluence the day before transfection. 
Transfection was carried out using either Lipofectamine or Optifect 
(Invitrogen) according to the manufacturer’s instructions. siRNA were also 
transfected using Lipofectamine. 
For U2OS stable line generation, cells were co-transfected with pcDNA3 
vector containing the Neomycin resistance gene and selected using 1mg/mL 
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G418. Colonies were picked and screened for GFP expression by immuno-
fluorescence and by Western blot. 
2.3.3 Microinjection. 
Confluent U2OS cells were serum starved in serum free DMEM for 4 hours 
followed by three scratches using a micropipette tip to induce wounds. Cells 
were then rinsed several times in 15mM HEPES-NaOH pH 7.4 buffered 
DMEM. U2OS cells at the wound edge were injected with 50ng/µl of DNA 
plasmid diluted in PBS. A Leica DMIRE2 inverted microscope with a 37oC 
heated chamber with a Eppendorf Micro-manipulator 5171 to hold the Femtop 
Tip 2 needles was used. Injection was powered by a Eppendorf FemtoJet 
microinjection pump. After injection, cells were rinsed several times in DMEM 
and returned to a 5% CO2 incubator. Migration was induced by the addition of 
10%v/v FBS after 1-2 hours of recovery. 
2.3.4 Cell immuno-fluorescence. 
For immuno-fluorescence, cells were seeded onto glass coverslips and 
transfected or treated as required for the experiment. Cells were fixed using 
either 4 % w/v paraformaldyhe in PBS or 0.4 % w/v paraformaldehyde with 
0.2 % v/v Triton X-100 in PBS for 20 minutes. Cells were then permeabilized 
with 0.2 % v/v Triton X-100 in PBS for 10 minutes before washing and 
application of primary antibodies diluted in 0.5 % v/v Triton X-100. After 
incubation, cells were washed and secondary antibodies (Alexa-488, Alexa-
647 and/or Cy3 conjugated, Molecular probes), Alexa-647 conjugated 
phalloidin (Molecular probes) and Hoechst 33342 diluted in PBS with 0.5 % 
v/v Triton X-100 were applied. The cells were then washed and mounted on 
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slides using AquaPERM mounting media. All washes were carried out using 
0.1 % v/v Triton X-100. Slides of immuno-fluorescent stained cells were 
imaged using a Zeiss Axioplan2 microscope using a 63X PLANAPO 
CHROMAT 1.4 NA oil immersion lens and a Roper Scientific CoolSnap HD 
digital camera. 
2.3.5 Wound healing migration assays of U2OS cells and data analysis. 
U2OS cells were transfected with siRNA or EGFP-constructs and allowed to 
recover overnight before plating 106 cells into a 35 mm glass bottomed dish. 
After overnight incubation, the cells were serum starved for 4-6 hours in 1% 
FBS DMEM before 3 parallel scratches (wounds) were performed and cells 
returned to 10 % v/v FBS DMEM. For inhibitor treatments, cells were 
incubated with the inhibitors, Y-27623 (5 μM; Tocris) or Blebbistatin (25 μM; 
CalBioChem), in serum free medium for 30 minutes after scratching, prior to 
inducing migration by addition of 10 % v/v FBS. For measurement of 
protrusion area and nuclear displacements, wounded cells were imaged using 
a Cool CCD (Roper scientific) camera attached to a Zeiss Axiovert inverted 
microscope using 20X ACHROSTIMAT 0.3NA lens at 1 minute intervals for 
260 minutes. Protrusion area and nuclear displacement per 10 minute interval 
was measured using ImageJ software (National Institutes of Health, USA) and 
the Pearson’s correlation coefficient between them per cell was calculated 
using Excel 2003 (Microsoft).  
2.4 Microscopy. 
2.4.1 Confocal microscopy. 
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The cells were replaced into fresh media prior to equilibration at 37oC in the 
humid environmental chamber of an Olympus IX-81 inverted microscope with 
a FV1000 confocal scanner. Images of fluorescent fusion protein expressing 
cells were acquired using a combination of 25mW FV405-LD405, 40mW 
Olympus FV10 multi-line Argon and 10mW Melles Griot 85YCA010 lasers. 
For the measurement of Nesprin1 polarity, 0.2 μm thick optical sections of the 
cells (a total of 6 to 8 μm, which comprises the entire height of the nucleus) 
were acquired using an Olympus FV1000 inverted confocal system. The total 
intensity of Nesprin1 in the leading hemisphere of the slices was measured 
and compared with the total intensity in the lagging hemisphere using ImageJ 
software. 
For live cell imaging, cells were plated onto glass bottomed dishes and time-
lapse images were collected at 30 second intervals over 30 minutes (for HeLa 
cell dynamics) or 4 hours (for U2OS migration). 
2.4.2 Fluorescence recovery after photobleaching (FRAP) and photo-
conversion. 
For FRAP, regions of interest in the cells were photo-bleached with 100 % 
power of the 488nm laser line for 20 frames to photo-bleach the fluorescent 
proteins and images acquired at either 1 min intervals, or 10 sec intervals 
using an Evolve 512 camera (Photometrics) over 30 min. Fluorescence 
intensity of the SNB were measured and analysed using the FRAP profiler 
plugin for ImageJ. For Dendra2 photoconversion, regions of interest in the cell 
were illuminated with 0.1 % power of the 405nm laser for a total of 30 frames. 
The cells were subsequently imaged at 5 min intervals for 30 min. Brightness 
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and contrast values of all images were adjusted linearly for clarity using 





Chapter 3. Characterisation of septin filaments and 
their interaction with BORG5. 
3.1 Background 
The mammalian septin proteins can be subdivided into four major sub-groups 
according to their domain arrangements and also according to their apparent 
roles in filament formation (Kinoshita 2003; Versele and Thorner 2005). The 
four sub-groups were named after a representative member; Sept2 group 
(Sept1, Sept2, Sept4 and Sept5), Sept3 group (Sept3, Sept9 and Sept12), 
Sept7 group (Sept7, Sept13) and Sept6 group (Sept6, Sept8, Sept10 and 
Sept11) (Spiliotis and Nelson 2006; Martinez et al. 2004). Septin filaments are 
formed from discrete heteromeric complexes constituted with representative 
members from each sub-group (Versele and Thorner 2005; Weirich et al. 
2008). In budding yeast Saccharomyces cerevisiae, proteins from all four 
septin sub-groups are required for filament formation, however, for 
mammalian septins, only three of the sub-group members are required for 
complex and filament formation (Sirajuddin et al. 2007). The Sept3 group may 
be an accessory side protein that may be involved in conferring additional 
properties like interactions with other proteins. 
Several studies have reported cell dependent differences in the composition 
of septin mammalian complexes, with substitutions amongst sub-group 
members, for example, Sept11 and/or Sept8 instead of Sept6 in REF52 cells 
compared with HeLa cells (Nagata et al. 2004; Sheffield et al. 2003). The 
septin filaments were also found to co-localise with both actin microfilament 
and microtubule networks, although there appears to be cell type and cell-
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cycle dependency (Hanai et al. 2004; Surka et al. 2002; Kinoshita et al. 2002; 
Schmidt and Nichols 2004; Nagata et al. 2003). 
Mammalian septins complexes are capable of self-assembly into filaments in 
vitro (Kinoshita et al. 2002), although it is very likely that their filament 
assembly, like that of actin and tubulin, is a highly regulated process. Binder 
of Rho GTPases 3 (BORG3) has been shown to bind and polymerise septin 
(Joberty et al. 2001). Due to the high homology between their domains, the 
rest of the BORG family members are also expected to bind septins, although 
these events have not been reported. 
This chapter aims to characterise the properties of septin filaments and their 
formation in HeLa cells, which may lead to further understanding of their 
possible physiological functions. 
3.2 Septin localisation and expression in HeLa cells 
Mammalian septins were reported to form filamentous structures from 
heteromeric complexes with members of the four sub-classes of septins 
(Versele and Thorner 2005). Previous studies involving the purification or 
immuno-precipitation of septins from cultured cell lines or animal tissues have 
reported various compositions of Sept isoforms in septin filaments. Septin 
filaments from REF52 cells contained at least Sept2, Sept7, Sept8, Sept9 and 
Sept11 and were actin associated (Nagata et al. 2003; Nagata et al. 2004). 
Septins from HeLa cells were reported to contain Sept2, Sept6 and Sept7 and 
were both actin and tubulin associated, depending on cell cycle state and 
focal plane (Surka et al. 2002; Joo et al. 2007). Septins of Human mammary 
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gland epithelial cells (HMEC) on the other hand are tubulin associated 
(Nagata et al. 2003; Hanai et al. 2004). 
Due to variations in the reported septin filament composition and their 
association with either actin or tubulin, the cytoplasmic Sept proteins 
expression and localisation were established in interphase HeLa cells used 
for this study. Immuno-fluorescent staining using antibodies specific against 
mammalian septin isoforms revealed that Sept6, Sept7, Sept9 and Sept11 co-
localised with each other in HeLa cells (Figure 3.1). Since these Sept isoforms 
co-localise, the term “septins” will be used to describe the four isoforms 
interchangeably unless otherwise stated. It is highly likely that other Sept 
isoforms may be involved or associated with these filaments in HeLa cells; 
they were not studied in this thesis largely due to the unavailability of specific 
antibodies. Besides their co-localisation, these Sept proteins also decorated 
the actin filaments of HeLa cells. However they labelled only discrete 
segments instead of along the entire actin filament (Figure 3.1). Furthermore, 
two distinct pools of Sept staining can also be discerned, a pool at the cell 
centre and another near the cell periphery. These observations are in 
agreement with previous reports in that Sept proteins were found to localise 
on and are functionally dependent on actin filaments at the cell periphery and 
centre in HeLa cells (Surka et al. 2002; Kinoshita et al. 2002; Kremer et al. 
2005; Joo et al. 2007). However, no significant overlap of staining with tubulin 
was observed in interphase HeLa cells (data not shown). Thus, the possible 
interactions and dependency of septins on the microtubules was not pursued. 
Septin-septin interactions are important for complex and filament formation 
(Versele et al. 2004; Martinez et al. 2004). Individual Sept protein knockdown 
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by specific siRNA in mammalian cells has been reported to disrupt both septin 
and actin filament structure (Kinoshita et al. 2002; Kremer et al. 2007; Tooley 
et al. 2009). Therefore, siRNA duplexes against Sept7 and Sept9 were 
designed and tested to determine if they were able to disrupt septin filament 
formation in HeLa cells. As expected, a dispersion of septin filaments was 
observed in HeLa cells after siRNA-mediated knockdown of individual Sept7 
or Sept9 protein (Figure 3.2a). The immuno-fluorescent staining of both pools 
of septin filaments at the cell centre and periphery were markedly reduced. 
The siRNA against Sept7 and Sept9 were specific against their targets and 
did not significantly perturb the other protein levels (Figure 3.2b). Therefore, 
the loss of immuno-fluorescent staining of non-targeted septins observed in 
Figure 3.2a is not due to a reduction of protein levels, but rather a dispersion 
of the proteins from the expected locales to other parts of the cell. However, 
several reports have noted that knockdown of key Sept proteins, especially 
Sept7, lead to a reduction of other Sept proteins as well (Kinoshita et al. 2002; 
Kremer et al. 2005; Tooley et al. 2009). This discrepancy may lie in the 
individual properties of the siRNA duplexes, as some duplexes could be more 
efficient than others in perturbing cellular target mRNA. These initial 
observations indicate that septins are closely associated with each other to 
form filamentous structures on the actin microfilaments. 
3.3 The N-terminus of Sept9 is important for complex 
formation and filament incorporation. 
Septins are also involved in several diseases (Hall and Russell 2004). Of the 
thirteen mammalian Sept proteins, Sept9 was often identified to be altered in 
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 tumours (Montagna et al. 2003; Scott et al. 2006; McDade et al. 2007; 
Kreuziger et al. 2007) and mutations in Sept9 were also identified in 
Hereditary Neuralgic Amyotrophy (HNA) (Kuhlenbaumer et al. 2005). Sept9 is 
involved in cellular motility (Chacko et al. 2005). Sept9 was also found be 
involved in the binding of the RhoA effector Rhotekin as well as the Guanine 
nucleotide exchange factor (GEF) for RhoA, Septin associated Rho GEF (SA-
RhoGEF) (Ito et al. 2005; Nagata and Inagaki 2005). Due to its reported 
involvement in diseases, cell motility and also interactions with several 
proteins, Sept9 was selected as a marker for further investigation of septin 
filaments and their possible mechanistic roles in determining cell morphology. 
An N-terminal GFP fusion of Sept9 (GFP-Sept9) did not co-localise with the 
endogenous septins when expressed in HeLa cells (Figure 3.3). However, N-
terminal fusions of Sept9 with smaller tags like Myc and FLAG have been 
reported to display similar localisation as endogenous Sept9 (Surka et al. 
2002; Sudo et al. 2007). On the other hand, a C-terminal GFP fusion protein 
(Sept9-GFP) exhibited localisation with the endogenous septins, suggesting 
that an unhindered N-terminal region of Sept9 is important for localisation. 
HNA-associated Sept9 mutations, Sept9R88W and Sept9S93F contain amino 
acid substitutions in their N-termini (Kuhlenbaumer et al. 2005). They were 
also reported to display different properties compared to the wild type Sept9 
(Sudo et al. 2007). In this study, these mutants did not localise with the 
endogenous septins regardless of N- or C-terminal tagging of GFP (Figure 
3.3). These mutants were also observed to display strong nucleus staining. 
Although a pool of septin filaments were reported, and also detected in this 
study, under the nucleus, nuclear localisation of Sept proteins have not been 
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reported. Thus, the nuclear localisation of the mutants observed here may be  
a mis-localisation or artefact of the GFP fusion. The HNA-associated mutants 
were reported to have different characteristics from wild type Sept9 (Sudo et 
al. 2007). The mutants have reduced affinity for other septins and also display 
slightly different localisation in REF52 cells. Another report suggested that 
HNA-associated mutations of Sept9 may induce altered and differential 
translation of Sept9, leading to a different cellular composition of Sept9 
variants (McDade et al. 2007). However, in this study, over-expressed C-
terminally-tagged mutant Sept9 fusion proteins did not show an increased 
translation of a smaller variant compared with Sept9Wt, thus the effects of the 
HNA-associated mutants are unlikely to be due to an altered variant 
translation. Due to these initial observations, the HNA-associated mutants of 
Sept9 were further characterised. 
The mis-localisation of the Sept9 mutants could be due to altered septin-
septin interactions. As the HNA-associated mutants were shown to have a 
lower affinity for other septins, they may not be able to displace endogenous 
Sept9 and therefore are not co-localised with the other septins. Therefore, 
siRNA against Sept9 were used to reduce the levels of endogenous Sept9, to 
determine if mutant Sept9 could not incorporate into filaments because they 
were unable to displace endogenous Sept9. As mentioned in section 3.2 
above, Sept9 knockdown by siRNA affected septin filament localisation in 
HeLa cells. The re-expression of wild type Sept9 (Sept9Wt) or the mutants 
were able to rescue the changes in filament staining after siRNA knockdown. 
As shown in Figure 3.4, Sept9Wt expression restored endogenous septin 
filament staining from the disruptive effects of Sept9 siRNA knockdown but 
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not Sept9R88W nor Sept9S93F expression. Thus, it appears that the HNA-
associated Sept9 mutants do not incorporate into septin filaments and are not 
due to the mutant proteins’ inability to displace endogenous Sept9. 
BORG3 was reported and shown to polymerise septins in MDCK cells 
(Joberty et al. 2001). The expression of the BD3 domain of BORG3 was 
sufficient to constitutively polymerise septins into thick and robust filaments. 
Therefore, to test if the HNA-associated mutants are defective in septin 
filament formation, GST-BORG3-BD3 was co-expressed with Sept9Wt-GFP or 
the two HNA associated mutants (Figure 3.5). Consistent with the previous 
results, Sept9Wt but neither Sept9R88W-GFP nor Sept9S93F-GFP were 
incorporated into BORG3-BD3 induced septin filaments, suggesting that the 
mutants of Sept9 were unable to be incorporated into endogenous septin 
filaments. 
Septin filaments are comprised of heteromeric complexes of Sept proteins 
lined together into a tract of two parallel filaments (Versele and Thorner 2005; 
Weirich et al. 2008). The apparent non-localisation and non-incorporation of 
the HNA-associated Sept9 mutants into endogenous septin filaments could be 
a result of either compromised interaction with other Sept proteins in a 
complex or as a result of interrupted polymerisation of complexes containing 
them. Thus, complex formation of Sept9 with other Sept isoforms was 
examined. Sept9-FLAG fusion proteins were expressed in HeLa cells and 
immuno-precipitated using anti-FLAG antibodies. Sept9Wt-FLAG co-immuno-
precipitated the Sept6, Sept7 and Sept11 isoforms. However, Sept9S93F-FLAG 
did not co-immuno-precipitate endogenous Sept6, 7 or 11, whereas 
Sept9R88W-FLAG co-immuno-precipitated significantly less of Sept 7 and 
  67
  68
Sept11 but not Sept6 (Figure 3.6). Although Sept9R88W-FLAG could still 
interact with some of the endogenous septins, it does not bind Sept6, 
suggesting that the complex containing Sept9R88W-FLAG may not be able to 
form complete septin filaments because the complex is missing a component 
of the core septin filament backbone. Thus, the primary amino acid sequence 
within the N-terminus of Sept9 is important for its association with other Sept 
molecules and therefore, formation of septin filaments. 
To further investigate the role of the extended N-terminus of Sept9 in septin 
complex formation, the N-termini primary amino acid sequences of Sept9 from 
several species were aligned in an attempt to identify any evolutionarily 
conserved elements. An evolutionarily and highly conserved R-R-X-E-X-S/T 
motif that was repeated thrice was noted and named the triple repeats motif 
(3R) (Figure 3.7a). Interestingly, the two HNA-associated mutations were in 
the second of the 3R motifs. The mutations are substitutions of charged (R88) 
or polar (S93) residues with large hydrophobic residues and may cause 
drastic changes to the structure of this region, resulting in an inability to 
interact with other Sept proteins. To investigate the potential roles of the 3R 
motifs in septin filament formation, a fragment containing the N-terminal 3R 
motifs was introduced into HeLa cells. Surprisingly, the septin filaments of 
3RWt-GFP expressing cells no longer showed restricted actin co-localisation, 
but were redistributed throughout the actin filaments (Figure 3.7b). The two 
pools of septin filaments at the cell periphery and centre of these cells no 
longer displayed their distinct demarcation and appeared to have relocated 
along all the actin filaments. However, 3RR88W-GFP and 3RS93F-GFP 




GFP fusions also showed faint actin localisation along with bright nuclear 
staining. The actin localisation may be indicative of actin binding; however 
more extensive experiments would be required for confirmation. The bright 
nuclear staining of the 3R-GFP fusion proteins may be an artefact of GFP  
tagging however, considering that bright nuclear staining of Sept11 was also 
observed in 3RWt-GFP expressing cells, septins may a have possible role at 
the nucleus. Although the significance of this localisation is not immediately 
apparent, it may be indicative of a potential role of septins in cell migration 
(Chapter5). 
Taking these observations together, a bulky N-terminal GFP tagging or 
mutations within the newly identified N-terminal 3R of Sept9, interferes with 
Sept9 interaction with septin complexes and incorporation into filaments. The 
N-terminal 3R of Sept9 may also be involved in septin-actin interactions, as its 
over-expression results in the rearrangement of septins on the actin 
microfilaments. 
3.4 Cdc42-dependent BORG5 association with septin 
filaments. 
Binder of Rho GTPase 3 (BORG3) was reported to polymerise septins; 
however, it was neither expressed nor detected in HeLa cells (Joberty et al. 
2001). BORG3 polymerises septin complexes into filaments via the BD3 
domain that is unique to the BORG family. All five members of the BORG 
family contain the BD3 domain (Joberty et al. 1999; Hirsch et al. 2001) and 
hence are expected to bind and polymerise septins as well. As BORGs are 
the only known family of septin polymerisation proteins and BORG3 is not 
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expressed in HeLa cells, it is expected that another BORG family member 
might be responsible for septin polymerisation in these cells. Of the BORG 
family members, only antibodies against BORG5 were commercially available. 
BORG5 protein was detected to co-localise well with endogenous septin 
filaments in the cell centre and periphery pattern (Figure 3.8). BORG4 mRNA 
was detected by reverse transcriptase-polymerase chain reaction (RT-PCR) 
of total RNA from HeLa cells, however, an antibody against the C-terminal of 
BORG4 failed to detect the presence of endogenous BORG4 protein (data not 
shown). For BORG1 and BORG2, mRNA was detected by RT-PCR of HeLa 
cell total RNA (data not shown), but as antibodies against them were not 
available, these proteins were not studied. 
All BORG members contain the Cdc42/Rac interactive binding (CRIB) domain 
and bind specifically to Cdc42 and the closely related TC-10 Rho GTPases 
(Joberty et al. 1999). Typical Cdc42 effectors like p21-activated kinase (PAK), 
are activated upon Cdc42.GTP binding (Manser et al. 1994). However, for 
BORG3, Cdc42.GTP binding appeared to prevent septin binding and 
polymerisation (Joberty et al. 2001). Thus, the effects Cdc42 knockdown by 
specific siRNA and dominant negative HA-Cdc42T17N expression on BORG5 
and septins was examined. An increase of septin filament assembly was 
expected as inactivation of Cdc42 activity would lead to unregulated septin 
polymerisation activity. However, Cdc42 activity down-regulation by siRNA 
knock down or dominant negative HA-Cdc42T17N expression resulted in the 
loss of BORG5 and septin filament staining instead of the formation of robust 
septin filaments as expected. Furthermore, the effects of BORG5 and septin 
delocalisation resulting from Cdc42 knockdown could be rescued by re-
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expression of mCherry-Cdc42Wt, but not the CRIB-binding defective mCherry-
Cdc42Y40C, indicating a requirement of Cdc42 binding for proper BORG5 
localisation. To confirm this observation, two key residues in the CRIB domain 
of BORG5 were mutated to generate a Cdc42-binding defective BORG52A  
mutant. As expected GFP-BORG52A did not localise with septin filaments, 
unlike low levels of GFP-BORG5Wt (Figure 3.9). High expression levels of 
GFP-BORG5Wt induced an increase of septin filament staining in the cell 
centre and a decrease at the periphery of the cells, suggesting that BORG5 
over-expression induced changes to septin filament dynamics. 
The septin-binding BD3 domains of the BORG family are highly conserved 
(Joberty et al. 1999; Hirsch et al. 2001) and BORG5 was observed to co-
localise with septin filaments. Thus, it is highly probable that BORG5 can 
interact with septins. Initial experiments indicated that BORG5 did not co-
immuno-precipitate with septins. However, with Dimethyl 3,3’-
dithiobispropionimidate.2HCl (DTBP) amine cross-linking of cells prior to lysis 
and immuno-precipitation, Sept7 and Sept9 were detected in the FLAG-
BORG5Wt immuno-precipitates but not in the Cdc42-binding defective FLAG-
BORG52A. This observation indicates that the interaction between BORG5 
and septins might be very transient and Cdc42 dependent (Figure 3.10). 
Taken together the results of Cdc42 knockdown and rescue experiments, 






In this study, complex formation and septin filament incorporation of Sept9 
was examined. Previous studies of Sept9 using smaller Myc or FLAG tags 
observed proper co-localisation with endogenous septins, however, in this 
study hindrance of the N-terminus by the large GFP tag lead to the inability of 
the fusion protein to incorporate into endogenous filaments. Like the  
microfilaments and microtubules, variation in the component molecules may 
have drastic results for the integrity of septin filaments. The fusion with a 
large, bulky GFP- tag at the N-terminus of Sept9 resulted in mislocalisation of 
the protein, although smaller peptide tag fusions like Myc and FLAG were 
reported not to interfere with Sept9 localisation. However, a C-terminal Sept9-
GFP fusion protein incorporated well with endogenous septin filaments. HNA-
associated mutants of Sept9, with mutations in the extended N-terminus, also 
did not interact nor co-localise with endogenous septins. Therefore, the N-
terminus of Sept9 appears to be important for its interaction with other septins 
and the subsequent incorporation into septin filaments. The N-terminus of 
Sept9 contains an extended domain compared to other Sept proteins 
(Kinoshita 2003; Spiliotis and Nelson 2006). Within this region, an 
evolutionarily conserved triple repeat (3R) domain was identified and over-
expression of the 3R fragment localised to actin filaments. The 3R over-
expression also induced rearrangements of endogenous septins along the 
entire actin filament, in contrast to normal septins localisation that labels 
discrete and short stretches of the actin microfilaments. HNA-associated 
mutations in this region disrupted full length Sept9 integration into septin 
filaments, and the corresponding mutant 3R fragments did not induce septin 
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rearrangements. This observation supports a previous report that these HNA-
associated N-terminal mutants have altered complex formation and may 
cause defects by the reduction of available functional Sept9 for incorporation 
(Sudo et al. 2007). Interestingly, there is another report suggesting that the 
HNA-associated mutations in Sept9 may lead to aberrant Sept9 splicing and 
the preferential expression of a shorter Sept9 variant without the N-terminus, 
leading to disproportionate cellular Sept9 variant compositions and thus 
affecting septin filament properties (McDade et al. 2007). Taking these 
observations together, it appears that the extended N-terminus of the Sept9 
could be involved in septin filament incorporation and may bridge septin 
filaments to actin microfilaments, either directly or indirectly by binding other 
yet to be identified factors. 
Septins form filaments by aligning heteromeric septin complexes together. 
This mechanism is thought to be similar to other well studied cytoskeletal 
filaments like actin microfilaments and microtubules, with individual units of 
protein complexes strung up to produce a filament. In budding yeast 
Saccharomyces cerevisiae, purified septins formed short linear octomeric 
complexes with a Cdc11-Cdc3-Cdc12-Cdc10 protein repeat unit in a head to 
head (Cdc10-Cdc10) non-polar arrangement (Bertin et al. 2008). The current 
hypothesis of mammalian septin structure was derived from the crystal 
structure of Sept2 together with electron-micrographs of purified septin 
complexes (Sirajuddin et al. 2007). In these studies, septin filaments were 
observed to form short filaments of three pairs of septin molecules, arranged 
in a Sept2-Sept6-Sept7-Sept7-Sept6-Sept2 “head-to-head” repeat. This 
model also suggested that the Sept3 sub-group (including Sept9) are not 
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critical for septin backbone formation. In an initial study to characterise septin 
filament binding of actin filaments, a purified mammalian septin complex of 
Sept2, Sept6 and Sept7 was used (Kinoshita et al. 2002). Although these are 
the minimal requirements to form the core septin filament backbone, the 
“accessory” Sept3 sub-group members were not present. Sept9, a prominent 
member of the Sept3 sub-group has been reported to bind SA-RhoGEF, 
Rhotekin and may be a key septin involved in microtubule binding (Nagata 
and Inagaki 2005; Ito et al. 2005; Surka et al. 2002). Changes in Sept9 were 
also detected in tumours and Sept9 variants may be involved in cell motility 
during metastasis (Montagna et al. 2003; Scott et al. 2006; Chacko et al. 
2005). Thus, the “accessory” Sept3 sub-group, although not crucial for the 
formation of core septin filaments, they may confer unique points along the 
septin filament for protein interactions and may be important for physiological 
septin function. Furthermore, Sept9 knockdown by siRNA disrupted 
endogenous septin filament localisation, implying that although not strictly 
required for septin filament formation in vitro, it is still required for proper 
organisation of septin filaments in vivo. 
Based on electron-micrograph data, mammalian septin filaments were 
hypothesised to have a backbone of Sept7-Sept6-Sept2 repeats and 
variations of these core Sept proteins within their sub-class may lead to the 
generation of a multitude of different septin filaments with presumably 
different properties (Versele and Thorner 2005; Spiliotis and Nelson 2006). In 
this study, Sept6 and Sept11, which belong to the same septin sub-class, 
were observed to co-localise with Sept9, suggesting that Sept6 and Sept11 
are present on the same septin filament (Figure 3.1). Previous report of 
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purified septin complexes or immunoprecipitates of individual Sept isoforms 
also indicated that members of the same sub-class of septins are present 
(Kinoshita et al. 2002; Nagata et al. 2004; Hanai et al. 2004). These 
observations imply that endogenous septin filaments may be formed by 
heterogenous Sept complexes of varying compositions with no exclusivity 
amongst different complexes. 
Some studies have suggested that actin binding proteins Anillin or non-
muscle myosin 2 (MYO2) may bridge septins to actin (Kinoshita et al. 2002; 
Joo et al. 2007). Anillin is an adaptor protein that binds septins and is 
localised to the mid-line during cytokinesis (Field et al. 2005; Hachet and 
Simanis 2008). Interestingly, it was also found to bind MYO2 at the mid-line 
and is involved in the formation or maintenance of the contractile actomyosin 
ring (Straight et al. 2005; Zhao and Fang 2005). However, mammalian Anillin 
is largely nuclear-localised during interphase and is therefore unlikely to be 
the major septin/actin bridge in the cytosol during interphase (Field and 
Alberts 1995). In the initial study of septin-actin interaction (Kinoshita et al. 
2002), the core septin filament of Sept2, Sept6 and Sept7, without any 
accessory septins, did not bind actin filaments directly and required the 
mediator protein Anillin. However, in this current study, the expression of the 
3R motif of Sept9 rearranged and redistributed endogenous septins 
throughout the actin filaments. Thus, it is highly likely that without the 
accessory Sept9 protein, the septin complexes used in the earlier report for 
studying septin filament assembly may not reflect the actual properties of 
endogenous mammalian septins. MYO2, on the other hand, is mainly 
cytoplasmic and may depend heavily on septins on its proper regulation (Joo 
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et al. 2007). This possibility of a MYO2 bridge will be studied and discussed in 
greater detail in Chapter 4 of this thesis. 
Besides the actomyosin link, septins were also reported to be associated with 
microtubules, with Sept9, Sept11 and the core Sept2/Sept6/Sept7 complex 
being implicated (Surka et al. 2002; Hanai et al. 2004; Kremer et al. 2005). 
There also appears to be cell type and cell cycle specific co-localisation of 
septin filaments onto actin or microtubule filaments. However, a significant 
microtubule co-localisation with septins in interphase HeLa cells was not 
observed in this study. The discrepancy may arise from the different Sept 
antibodies used in this study; the Sept9 antibody used was raised against the 
N-terminus of Sept9 and does not detect shorter isoforms of Sept9 whereas 
the previous studies used an antibody that recognised all isoforms of Sept9. 
Sept2 have also been reported to co-localise with microtubules and we did 
observe co-staining of Sept2 with both microtubules and F-actin (data not 
shown). However, the relationship between microtubules and septin filaments 
are not the major focus of this study and was not pursued further. 
Apart from the structure and associations of septins, the possible upstream 
signals that lead to septin polymerisation were also studied. The binding and 
subsequent polymerisation of septins by BORG3 via its BD3 domain has been 
well studied (Joberty et al. 2001; Sheffield et al. 2003). This initial study 
documented that Cdc42-binding of BORG3 leads to decreased interaction 
with septins, thereby inhibiting the otherwise constitutively active BORG3 and 
leading to a general decrease of septin filaments in the cell. All the BORG 
family members contain the Cdc42-binding CRIB and three conserved 
domains named BD1, BD2 and BD3, except for BORG3, which does not 
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contain a BD2 domain (Joberty et al. 1999; Hirsch et al. 2001). The individual 
members defer at the intervening amino acid sequences between the 
conserved BD domains, with BORG4 and BORG5 being the largest. Due to 
their high homology at the CRIB and septin-binding BD3 domains, they are 
expected to polymerise septins and to be negatively regulated by Cdc42 
binding, as reported for BORG3 (Joberty et al. 2001). However, in this study, 
evidence is presented that this was not the case for BORG5, which instead 
appears to be activated by Cdc42 binding, as the CRIB mutant BORG52A did 
not bind septins nor localise to the septin filaments. Furthermore, Cdc42Wt but 
not the CRIB-binding mutant Cdc42Y40C was able to rescue the delocalisation 
of BORG5 and septins after Cdc42 knockdown by siRNA treatment. Thus, in 
HeLa cells, BORG5 polymerises septins downstream of Cdc42 activity, in 
contrast to BORG3 which was inhibited by Cdc42 binding. It is also 
noteworthy that BORG3 is not expressed in HeLa cells (Joberty et al. 2001), 
thereby implying that the regulation of septins by the various upstream signals 
could be cell type specific and dependent on the expression of specific BORG 
isoforms. Further support for the role of BORG5 in the polymerisation of septin 
filaments in HeLa cells will be presented in Chapter 4, where specific siRNA-
mediated knockdown of BORG5 also disrupted septin filament localisation. 
The highly conserved BD2 domain, both between BORG members and 
evolutionarily, is not present in BORG3 (Joberty et al. 1999; Hirsch et al. 
2001). Due to its position between the CRIB and BD3 domains, it is plausible 
that the BD2 may be involved in the regulation of septin binding and 
polymerisation by the BD3 domain. Therefore it is possible that like many 
typical Rho GTPase effectors that have a self regulatory domain responsible 
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for an auto-inhibitory state that is relieved by Rho GTPase binding and leads 
to activation (Jaffe and Hall 2005), the other BORG proteins may be regulated 
by a similar mechanism that involves Cdc42 binding. Whether the conserved 
BD2 domain is involved in such regulation of BORG activity requires further 
investigation. 
In conclusion, septin filaments in Hela cells are formed from septin complexes 
assembled by BORG5 downstream of Cdc42. These filaments are associated 
with actin in HeLa cells, with Sept9 likely to be important for actin association 
(Figure 3.11). 
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Chapter 4. BORG5 and septins in MRCK-regulated 
actomyosin dynamics. 
4.1 Background 
The actomyosin cytoskeleton is a complex and highly dynamic structure. 
These myosin-bound actin bundles are formed by various mechanisms and 
can be reconfigured into various structures during normal cellular metabolism 
(see Chapter 1). These bundles are highly contractile due to non-muscle 
myosin2 (MYO2) activity and require continual MYO2 activation via 
phosphorylation on the associated regulatory light chain (RMLC) (Vicente-
Manzanares et al. 2009). Although several kinases are implicated in RMLC 
phosphorylation, Rho GTPase effector kinases Myotonic Dystrophy Kinase-
related Cdc42-Binding Kinase (MRCK) and RhoA-binding Kinase (ROK) are 
the major activators of MYO2 in non-muscle cells (Tan and Leung 2009). 
They phosphorylate the regulatory myosin light chain (RMLC) of MYO2 
leading to activation of MYO2 contractility and actomyosin bundle formation 
(Leung et al. 1998; Leung et al. 1996; Amano et al. 1996).  
Although both MRCK and ROK can activate MYO2, key differences such as 
upstream regulation, cellular localisation and substrate specificity between 
them could lead to distinctive cellular effects. MRCK is a Cdc42 effector 
kinase that phosphorylates Serine-19 on the RMLC of MYO2 (Leung et al. 
1998). MRCK has been shown to regulate two specific pools of actomyosin 
filaments in the lamella and cell body of HeLa cells, through the interaction 
with a Leucine repeat adaptor protein (LRAP35a) and Myosin 18A (MYO18A) 
(Tan et al. 2008). The thin lamellar bundles (LMB) at the cell periphery are 
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rich in MYO2A and RMLC phosphorylated on Serine-19 (pRMLC). The central 
bundles in the cell body are beneath the nucleus and are thus termed the sub-
nuclear bundles (SNB). These SNB contain both pRMLC as well as 
Threonine-18 and Serine-19 di-phosphorylated RMLC (ppRMLC), suggesting 
that they are derived from the activity of another kinase other than MRCK, as 
MRCK does not phosphorylate Threonine-18 of RMLC (Tan et al. 2008). 
The RhoA effector kinase ROK phosphorylates both Threonine-18 and 
Serine-19 of RMLC (Ueda et al. 2002). Di-phosphorylation of RMLC 
(ppRMLC) results in higher ATPase activity of MYO2, leading to the 
generation of higher tension and thicker actomyosin bundles (Ikebe et al. 
1988). This correlates well with the reported ROK involvement in robust stress 
fibre formation in the cell body and rear of migrating cells (Leung et al. 1996; 
Amano et al. 1997). 
Septins are associated with actin filaments and also bind to MYO2 (Joo et al. 
2007). Septin binding of MYO2 is purported to provide a means of controlling 
RMLC phosphorylation by providing a mechanism for the selection of kinases 
to phosphorylate the RMLC (Joo et al. 2007).  
This chapter aims to examine the dynamics of BORG5 and septin filaments in 
HeLa cells. The relationship between septin filaments and MYO2 will also be 
explored and a role for septins in the formation of a unique pool of actomyosin 
bundles is proposed. 
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4.2 BORG5 and septins are closely associated with MRCK-
regulated actomyosin bundles. 
Binder of Rho GTPase 3 (BORG3) is a Cdc42-binding protein involved in 
septin polymerisation (Joberty et al. 2001). However, unlike most other typical 
effector molecules, BORG3 has been reported to be inactivated by Cdc42-
binding, with lowered septin binding and polymerisation in the presence of 
active Cdc42. BORG3 was also reported to be absent in HeLa cells, and as 
stated in previous chapter, the closely related protein BORG5 was identified 
to be bound to and potentially polymerise septin filaments in these cells. Both 
BORG5 and septin filaments co-localised and decorated actin filaments at 
discrete segments, instead of throughout the entire actin filament (Chapter 3, 
Figure 4.1a). These proteins labelled short stretches of actin filaments and 
appeared to form two distinct pools, one near the cell periphery and the other 
at the cell centre. The staining pattern of both BORG5 and septins are 
therefore reminiscent of that previously reported for MRCK and its associated 
complex members MYO18A and LRAP35a in HeLa and U2OS cells (Tan et 
al. 2008). The possible co-localisation of MRCK, BORG5 and septin was 
examined by immuno-fluorescent staining. Indeed, a strong co-localisation 
between these proteins at the actomyosin bundles of both near the cell 
periphery (LMB) and centre was observed for both HeLa and U2OS cells 
(Figure 4.1a). The actomyosin bundles, represented by pRMLC staining, at 
the cell centre were beneath the nucleus and are therefore termed the sub-
nuclear bundles (SNB) (Figure 4.1b). Thus, BORG5 and septins co-localised 
with MRCK at the LMB and SNB actomyosin bundles. The close co-
localisation of BORG5 and its downstream septins with MRCK suggest a  
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 functional relationship between them. To explore this possible link to MRCK 
activity, the cellular consequences of siRNA-mediated knockdown of BORG5, 
Sept7, Sept9 and MRCK were examined in HeLa cells. Both MRCK and 
BORG5 localisation could be disrupted in cells treated with specific siRNA 
against BORG5 (B5-1, B5-2), Sept7 (S7-1, S7-2), Sept9 (S9-3, S9-4) and 
MRCK (M1/2, M3/4) (Figure 4.2). The septin filaments staining were similarly 
affected in siRNA treated cells (Figure 4.3). Western blot analysis (Figure 4.4) 
showed that these siRNA were specific in reducing the levels of their target 
proteins with minimal changes to the other proteins. Therefore, the diminished 
staining is most likely due to delocalisation rather than from protein level 
changes as non-targeted protein levels remained unchanged. A previous 
study showed that MRCK knockdown by specific siRNA left the ROK-
regulated stress fibres intact (Tan et al. 2008). Thus, the remnant actomyosin 
bundles observed in this study after MRCK knockdown by siRNA are the ROK 
regulated stress fibres (Figure 4.2 and 4.3). BORG5, Sept7 and Sept9 
knockdown by siRNA also resulted in similar actin filament arrangements of 
having diminished peripheral actin bundles but robust stress fibres. Therefore, 
it is very likely the ROK-regulated stress fibres are minimally dependent on 
septin filaments for assembly, whereas MRCK-regulated LMB and SNB 
require septin filament specification for formation.  
These observations show a close relationship between MRCK and BORG5 
together with their downstream targets, the actomyosin and septin filaments at 






4.3 The septin filaments and MYO2. 
MRCK/LRAP35a/MYO18A complex co-localised at the LMB and SNB of HeLa 
cells (Tan et al. 2008). In these cells the unique pool of actomyosin bundles at 
the cell periphery, the LMB, contains high levels of pRMLC as well as MYO2A 
and shows minimal overlap with ROK-regulated stress fibres, which are 
thicker and contain both MYO2A and MYO2B. As MRCK phosphorylates the 
RMLC of non-muscle Myosin 2 (MYO2) only at Serine-19, pRMLC staining is 
thus expected to be in close proximity to that of MRCK. In HeLa cells, 
immuno-staining with specific antibody showed that pRMLC co-localised with 
MRCK at the LMB and SNB (Figure 4.1b). Another major kinase that 
phosphorylates Serine-19 of RMLC is the calcium-sensitive Myosin Light 
Chain kinase (MLCK) (Scholey et al. 1980). However, specific inhibition of 
MLCK did not drastically perturb the LMB and SNB (Tan et al. 2008), 
indicating that this kinase does not play a role in regulating actomyosin activity 
at these locations. Therefore, MRCK appears to be the major RMLC Serine-
19 kinase in HeLa cells. As septin filaments appeared to share a close 
relationship with MRCK, they are also expected to be in close proximity with 
pRMLC. Co-immuno-fluorescent staining of Sept9 with pRMLC revealed that 
they do overlap at the LMB and SNB of HeLa cells (Figure 4.5). 
Septins were reported to bind MYO2 and were reported to have a scaffolding 
role in the phosphorylation of RMLC by kinases (Joo et al. 2007). The 
previous study showed that septins may have a role in regulating the 
specificity of RMLC phosphorylation by selectively allowing ROK or Citron 
kinase access to the RMLC. However, it did not specify which of the MYO2 
isoforms are involved. It has been well documented that MYO2A and MYO2B 
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are the major forms of cellular MYO2 (Vicente-Manzanares et al. 2009) and 
they have specific localisations within the cell (Kolega 1998; Vicente-
Manzanares et al. 2007). MYO2A-containing actomyosin bundles are 
distributed throughout the cell, and are especially prominent at the lamellae. 
MYO2B bundles are more centrally located in the cell body, with little staining 
in the lamella. MYO2A has a more rapid ATPase activity and is associated 
with dynamic actomyosin bundles whereas MYO2B has a slower rate of ATP 
hydrolysis, but remains bound with actin much longer than MYO2A (Kovacs et 
al. 2003; Wang et al. 2003). MYO2B-containing bundles have more tension 
per ATPase cycle and are often found in stable stress fibres at the cell body 
and rear. The various actomyosin bundles differ not only in their MYO2 
isoform compositions, but the associated RMLC phosphorylation status as 
well, possibly as a result of specific kinase associations. Therefore, MYO2B 
and ppRMLC staining demarcates the cell body zone, especially the stress 
fibres, whereas the lamella zone is demarcated by exclusive MYO2A and 
pRMLC staining. 
In the lamella of HeLa cells, MRCK localises closely to MYO2A but not 
MYO2B (Tan et al. 2008). However, MRCK, MYO2A and MYO2B staining do 
overlap in the SNB at the centre of the cell. Septin filaments also share this 
localisation relationship with MYO2A and MYO2B in both HeLa and U2OS 
cells (Figure 4.5). Septin filament staining of the LMB showed some overlap 
with MYO2A and pRMLC staining. As septins are purported to bind MYO2 
and control kinase phosphorylation of the RMLC, overlapping staining of 
septins with MYO2A and pRMLC is expected. However, septin filaments do 
not label the entire MYO2A filament. Similar to MRCK staining, septin 
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filaments label only short stretches of MYO2A bundles at the LMB, away from 
the cell body zones. The SNB contains both MYO2B and ppRMLC in addition 
to MYO2A and pRMLC (Figure 4.5). Except for these SNB, septin staining 
shows little overlap with MYO2B or ppRMLC staining at the cell body, 
suggesting that septin filaments in the lamella are dismantled prior to entering 
(or reassembling at) the cell body zones. Collectively, these observations 
reveal some insight to the relationship between septins and MYO2, with an 
apparent preference of septins for MYO2A association at the LMB and SNB. 
In conclusion, LMB and SNB formation are dependent on the mutual activities 
of BORG5 and MRCK, as both bundles are dispersed upon either MRCK or 
BORG5 siRNA-mediated knockdown. BORG5 is required for septin filament 
assembly that may serve as a scaffold on actomyosin filaments for MRCK-
mediated phosphorylation-activation of the MYO2, which leads to subsequent 
contraction and bundling of actomyosin. This cycle of targeting of MRCK by 
BORG5/septin activity and actomyosin bundling by MRCK for BORG5/septin 
association may underlie the continued formation of the LMB and SNB, as 
perturbation of BORG5 or MRCK leads to their dispersion. 
4.4 Dynamics of BORG5- and MRCK-regulated LMB and SNB 
in HeLa cells. 
MRCK and its associated complex partners were reported to be part of the 
actomyosin retrograde flow bundles in the lamella (LMB) (Tan et al. 2008). 
Fluorescent protein-tagged MRCK and/or its complex members LRPA35a and 
MYO18 were observed to move with the slow actin retrograde flow in the 
lamella. These bundles are involved in the regulation of cell protrusion 
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although the exact mechanism is currently unclear (Tan et al. 2008; Lim et al. 
2010). BORG5 and septins are closely linked to these MRCK-regulated 
bundles as both the LMB and SNB are dispersed upon siRNA-mediated 
knockdown of MRCK, BORG5 or septins. Therefore, BORG5 and septins in 
LMB and SNB dynamics were examined. Fluorescent protein tagged 
mCherry-BORG5 and GFP-Sept11 constructs were transfected into HeLa 
cells and subjected to fluorescent time lapse imaging. At low levels of fusion 
protein expression, the localisation of both mCherry-BORG5 and GFP-Sept11 
fluorescence resembled that of endogenous proteins (Figure 4.6). The 
fluorescence of both proteins at the cell centre was relatively stable with few 
changes in structure within the 30 minutes of imaging. This is consistent with 
the previous observation for the fluorescent protein fusions of MRCK and 
complex members MYO18A and LRAP35a (Tan et al. 2008) and reveals that 
these stable structures at the cell centre as the SNB bundles. 
The peripheral BORG5 and Sept11 fluorescent signals correlate very well with 
the expected positions of the LMB (Figure 4.6). Fluorescent protein fusions of 
MRCK and complex members MYO18A and LRAP35a in the LMB were 
reported to be associated with the lamellar retrograde flow and proceed from 
the cell edge towards the cell body (Tan et al. 2008). Likewise, the fluorescent 
fusions of both BORG5 and Sept11 were also observed to move from the cell 
edge towards the cell body at a rate of approximately 0.3μm/s. A speed that 
matched the reported 0.3-0.5μm/s for the lamellar actin retrograde flow and 
MRCK complex members (Ponti et al. 2004; Tan et al. 2008). Thus, BORG5 
and septins, like MRCK, MYO2A, MYO18A and LRAP35a, are possibly also 
components of the lamellar actin retrograde flow.  
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The majority of actin polymerisation occurs at the cell edge and the F-actin 
flows in retrograde manner towards the cell body (Chapter 1). Thus, the faster 
actin retrograde flows observed for the lamellipodia and the slower-moving 
inner lamellar retrograde flow could be a mechanism for supplying F-actin to 
support actin structures within the cell body. It has also been shown that the 
MRCK-tagged LMB flows towards the cell centre, gradually diminishes as it 
approaches the cell body zone (Tan et al. 2008). As these LMB contains 
pRMLC (Figure 4.1b), it is possible that a change in actin or myosin activity at 
the demarcation of the cell body zone may be responsible for the disassembly 
event observed. Although the exact mechanism of this disassembly of 
actomyosin is not known, the fate of the dismantled components was further 
examined to determine if they are reassembled into any of other structures in 
the cell body. The LMB and SNB are closely linked as perturbation of MRCK, 
BORG5 or septins lead to their dispersion. However, the LMB and SNB have 
different compositions of component molecules like MYO2A, MYO2B and 
phosphorylated RMLC. The LMB and SNB also display different dynamics 
over time. Thus, they are distinct pools of actomyosin and may have different 
assembly requirements, especially for the SNB, as it has MYO2B and 
ppRMLC in addition to MYO2A and pRMLC. 
Due to the unique localisation of MRCKα, MYO18A, BORG5 and Sept9 to the 
LMB and SNB bundles, relationship between the LMB and SNB was probed 
using fluorescence recovery after photo-bleaching (FRAP). Interestingly, the 
fluorescence of bleached SNB recovered rapidly when the lamella bundles 
were not photo-bleached, compared to the cells that were photo-bleached 
entirely (Figure 4.7). This suggests that the components of the SNB are 
  100
   101
derived from the LMB, rather than from de novo synthesis. To confirm these 
observations, photo-convertible Dendra2 fusions of MYO18A and BORG5 
was introduced into HeLa cells. The green fluorescent Dendra2-MYO18A and 
Dendra2-BORG5 at the lamellae were photo-converted into red fluorescence 
by excitation with 405nm wavelength light and the red fluorescence in the cell 
was followed over 30 minutes (Figure 4.8). As expected, both photo-
converted red fluorescent fusion proteins accumulated at the cell centre 
rapidly. Spontaneous conversion of the Dendra2 fusion proteins without 
conversion using 405nm wavelength light was insignificant. Together with the 
observations from FRAP, these results strongly suggests that the SNB is 
assembled from components of the LMB. However, during time lapse 
imaging, obvious structures from the LMB were not observed to physically 
translocate into the cell body to form the SNB. The LMB instead gradually 
faded as it approached the cell body. Thus, it appears that the SNB are 
assembled from dismantled LMB components rather than from large 
fragments of LMB bundles. 
From the FRAP data, some differences in the rates of recovery at the SNB for 
the individual components were also observed (Figure 4.7). BORG5 appeared 
to have a higher rate of recovery with a higher percentage of total 
fluorescence recovery, suggesting that BORG5 turnover at the SNB was 
higher than that of MRCK, MYO18A and Sept9. Therefore, to directly compare 
the difference of turnover, GFP-MRCKα and mCherry-BORG5 were co-
transfected into HeLa cells to examine their relative rates of FRAP at the SNB 
within the same cell. BORG5 consistently was found to display a faster 
recovery of fluorescence with a half time (t1/2) of 80±8s (SEM, n=11) 
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compared to MRCKα of 175±32s (SEM, n=11) (Figure 4.9). This indicates that 
BORG5 accumulates more rapidly at the SNB than MRCK. The data imply 
that BORG5 and its downstream septins may have an early role in the 
establishment of SNB structures. However, the FRAP of Sept9 was observed 
to be very similar to MRCK and MYO18A (Figure 4.7). When taken together 
with the observation that BROG5 accumulates more rapidly and also has a 
higher turnover at the SNB, it appears that the assembly of septins by BORG5 
at the SNB is the possible rate limiting step in the formation of the SNB. 
In conclusion, the SNB is assembled from LMB components, including 
BORG5, MRCKα, MYO18A and septins which are dismantled at the 
convergence zone between the lamella and cell body. For the re-
establishment of SNB, BORG5, which assembles septin filaments, may also 
have an early role in SNB formation, possibly to select actomyosin filaments 
for MRCK regulation. 
4.5 The SNB are derived from ROK-regulated stress fibres. 
RhoA activates ROK and leads to the formation of cell spanning stress fibres 
(Leung et al. 1996). These stress fibres contain ppRMLC, most probably as a 
result of ROK activity, and the unique MYO2B (Ueda et al. 2002; Katoh et al. 
2001; Vicente-Manzanares et al. 2009). Apart from the presence of MRCK 
components and septins, the SNB also contains MYO2B and ppRMLC (Tan 
et al. 2008). Therefore, the possible relationships between the SNB and 
stress fibres were investigated in greater detail. Upon close examination, 
some of the SNB appeared to reside on cell-spanning ROK-regulated stress 




common molecules associated with stress fibres, it is suggestive that the SNB 
may have some biochemical and physiological overlap with ROK-regulated 
stress fibres. 
To test this hypothesis, the SNB was examined after stress fibres were 
perturbed by various means in HeLa cells. Firstly, as stress fibre formation is 
heavily dependent on RhoA and ROK activities, they were down-regulated 
using either dominant negative RhoAT19N expression or specific ROK inhibitor 
Y-27632 treatment respectively (Figure 4.10b). Both treatments resulted in the 
disappearance of the cell-spanning stress fibres as shown by F-actin staining 
using fluorescently labelled phalloidin. They also resulted in the 
disappearance of the SNB as indicated by a lack of filamentous MRCK or 
Sept9 staining. Likewise, as MYO2B is a key component of the stress fibres, 
siRNA against MYO2B were also used to reduce endogenous MYO2B protein 
levels, leading to specific defects in stress fibre formation (Vicente-
Manzanares et al. 2008). As shown in Figure 4.10b, MYO2B knockdown by 
specific siRNA similarly resulted in the disappearance of the cell-spanning 
ROK-regulated stress fibres as well as the SNB. These observations strongly 
suggest that the formation of the SNB requires ROK-regulated stress fibres. 
Taken together with the conclusion of Chapter 4.4, it is apparent that the SNB 
are derived from dismantled components of LMB as well as the ROK-
regulated stress fibres. Thus, the SNB may represent a mechanism in the 
integration of both RhoA-ROK and Cdc42-MRCK signalling pathways. It is 
possible that for the formation of SNB, BORG5 and septins may be required 
for the initial targeting and reassembly of MRCK components onto the 
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RhoA/ROK regulated stress fibres. The subsequent establishment of MRCK 
components onto these bundles could alter their dynamics and functionality. 
4.6 Effects of serum withdrawal on MRCK, BORG5 and septin 
localisation. 
MRCK has been previously shown to be  activated by lipid binding to its 
Cysteine-rich domain (Tan et al. 2001) and Lysophosphatidic acid (LPA) is 
also required for establishing the MRCK-regulated actomyosin bundles in 
cultured mammalian cells (Tan et al. 2008).  When HeLa cells were serum 
starved (-Serum) for six hours, MRCK localisation as well as LMB formation 
were significantly perturbed (Figure 4.11). The remnant actin cables after 
serum starvation appear to be the RhoA and ROK-regulated stress fibres as 
they were easily dispersed by treatment with the ROK specific inhibitor Y-
27632. But unlike the loss of MRCK localization, BORG5 and Sept9 were 
observed to relocate onto the Rho/ROK-regulated actin cables and were 
sensitive to ROK inhibition (-Serum +Y-27632). Thus, it appears that BORG5 
and septins can readily re-localise onto ROK-regulated stress fibres when the 
default Cdc42/MRCK-regulated event is disrupted (Figure 4.11). Together with 
the data from the previous section on the faster rate of FRAP of BORG5 in 
comparison to MRCK, they strongly suggest that upon disassembly of MRCK- 
regulated LMB actomyosin filaments at the convergence zone, BORG5 and 
septin could well play a leading role to assemble on to the nearby actin 
cables. 
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4.7 Discussion. 
BORG5 and septins are closely associated with MRCK and its partners 
MYO18A and LRAP35a. BORG5 and MRCK, together with the downstream 
septins and actomyosin, are mutually dependent for proper localisation and 
are both required for LMB and SNB formation. As a component of the LMB, 
BORG5 and septins also participate together with MRCK in the lamellar actin 
retrograde flow. 
A previous study reported that septins may provide a platform on MYO2 for 
the selection of kinases for the phosphorylation of the RMLC of MYO2 (Joo et 
al. 2007). In that study, the authors showed that septin filaments selectively 
allowed ROK and Citron kinase to di-phosphorylate RMLC (generating 
ppRMLC staining) on the contractile actomyosin ring during cytokinesis. 
However, Citron-kinase activity peaks during cytokinesis and has little activity 
during interphase (Yamashiro et al. 2003). Thus, it is unlikely to contribute to 
interphase actomyosin dynamics. In the lamella of interphase HeLa and 
U2OS cells, septin filaments show close co-localisation with MRCK, MYO2A 
and pRMLC. Data from this current study provides evidence proposing that 
septins filaments may provide a scaffold on MYO2A for MRCK regulation at 
the lamella of interphase HeLa cells instead of ROK.  
Firstly, the co-localisation of BORG5 and septins with MRCK at the LMB 
suggests that they are all present on the same subset of actin filaments. The 
knockdown of BORG5, septins or MRCK by siRNA resulted in the dispersal of 
the associated proteins and the disappearance of the LMB and SNB. These 
observations imply that MRCK requires BORG5 activity to establish the LMB 
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and SNB. On the other hand, it also implies that the BORG5-dependent septin 
filaments require MRCK activity, which regulates RMLC phosphorylation and 
subsequent activation of MYO2 for assembling actomyosin bundles of the 
LMB and SNB. Thus, this cycle of mutual dependence for activity may 
underlie the formation of the LMB and SNB (Figure 4.12a). It should also be 
noted that ROK-regulated stress fibres remain after MRCK, BORG5 or septin 
knockdown by siRNA, suggesting that ROK activity is minimally dependent on 
septin specification for MYO2 phosphorylation during interphase. 
Secondly, septins were observed to localise at the MYO2-rich lamella and cell 
body, but not lamellipodium of HeLa cells. Thus, the direct binding of septins 
with MYO2 on actomyosin bundles is supported. However, septin filaments 
show unequal co-localisation with the two MYO2 isoforms and appear to have 
a preference for MYO2A in the lamella, with less overlap of staining with 
MYO2B at the cell body although the reported septin interaction site is highly 
homologous between MYO2A and MYO2B. Furthermore, MYO2B knockdown 
using specific siRNA removed the SNB, but left the septin staining largely 
intact in the LMB. Previous work has shown that MRCK also preferentially 
localises onto the LMB at the lamella, in close proximity to MYO2A and 
thereby allowing phosphorylation of the RMLC associated with the latter (Tan 
et al. 2008). It thus appears to give some support to a role for septin to 
mediate targeting of MRCK. 
Thirdly, there is good evidence that MYO2B-associated RMLC is 
phosphorylated by ROK at the cell body and rear (Kolega 2003; Vicente-
Manzanares et al. 2008). The stress fibres of the cell body and rear are 
heavily dependent on ROK activity (Tan et al. 2008; Leung et al. 1996). 
  111
MYO2B staining overlaps partially with septin staining at the SNB, suggesting 
that septins may also mediate ROK phosphorylation of RMLC there. However, 
there is little overlap of MYO2B with septins in the lamella, suggesting that 
ROK is less dependent on septin-mediated regulation in the lamella. As both 
MRCK and BORG5 are regulated by the common upstream Cdc42 signal, it is 
possible that their association begins early, at the site of lamellar bundle 
assembly. Indeed, Cdc42 knockdown led to the disruption of both septin 
filaments and LMB (Chapter 3), indicating a stringent requirement of Cdc42. 
These observations support the hypothesis that the crucial association 
between MRCK and BORG5 is mediated by Cdc42 signalling.  
Furthermore, the product of ROK activity, ppRMLC was not detected in the 
lamella (data not shown). Di-phosphorylation leads to sustained contraction 
via an increase of ATPase activity and increased bundling of MYO2, which 
are hallmarks of the stress fibres rather than LMB. In addition, MYO2A 
phosphorylation in the lamella is not significantly affected by ROK inhibition 
(Kolega 2003; Tan et al. 2008), implying that MRCK may be the key kinase in 
septin-mediated regulation of MYO2A in the lamella. Therefore, it is proposed 
that at the LMB, the septins may facilitate MYO2A phosphorylation by MRCK 
instead of ROK or Citron kinase (Figure 4.12a). 
The contractile actomyosin bundles in the cell has been extensively studied 
and can be derived from several pathways (Pellegrin and Mellor 2007; Gardel 
et al. 2010). Transverse arcs in the lamella are thin actomyosin bundles that 
are unanchored to focal adhesions (Small et al. 1998; Gardel et al. 2010). 
These bundles are possibly derived from a combination of F-actin from the 
ARP2/3 dependent lamellipodium and also from the formin dependent 
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filopodium (Anderson et al. 2008; Nemethova et al. 2008). The transverse 
arcs appear to originate at the distal end of the lamella, they are parallel to the 
leading edge and translocate towards the cell body as the actin lamellar 
retrograde flow (Ponti et al. 2004). At the cell body, it is either gradually 
dismantled, or incorporated into ventral stress fibres. The MRCK-regulated 
LMB may be a sub-set of these transverse arcs of actomyosin bundles, as 
they have similar spatial formation, translocation and disassembly dynamics 
(Tan et al. 2008). In U2OS cells, a proportion of stress fibres are formed by 
the fusion or re-bundling of dorsal stress fibres with transverse arcs 
(Hotulainen and Lappalainen 2006). The ROK-regulated stress fibre may be 
comprised of mainly the ventral stress fibres, as these bundles are robust and 
often span the entire cell length. 
An important observation in this study is that the SNB are clearly derived from 
ROK-regulated stress fibres, as RhoA, ROK or MYO2B perturbation lead to 
the dispersal of the SNB. The SNB also contains dismantled LMB 
components, including MRCK, BORG and septins. A previous study of septin 
filaments in NIH3T3 cells identified a pool of actin bundles under the nucleus 
that were sensitive to septin perturbation (Kinoshita et al. 2002), suggesting 
that this observed pool may be the SNB. This current study also documents 
the importance of BORG5 and the septins in the process of specifying the 
integration of the MRCK-regulated LMB and ROK-regulated stress fibres 
together to form the SNB under the nucleus. When Cdc42 activity was 
transiently down-regulated by serum starvation, septins and BORG5 were 
observed to relocate onto the RhoA/ROK-regulated stress fibres. This ability 
of septins to shuttle between MRCK-regulated LMB bundles and ROK-
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regulated stress fibres suggests that they might be important for bridging 
these bundles to form the SNB. Furthermore, over-expression of high levels of 
BORG5Wt often led to an apparent increase in the SNB bundles when 
compared to a lower level of expression or CRIB defective BORG52A (Chapter 
3) may suggest that an increase of BORG5 activity could drive the formation 
of SNB, leading to an increase of SNB at the cell centre. 
Most significantly, the FRAP analysis on BORG5 shows a shorter half-time of 
recovery than that of MRCKα when transiting from LMB to SNB, implying that 
BORG5 and likely septins accumulates more rapidly than MRCKα at the SNB. 
Therefore, BORG5 may play a role in the specification of stress fibres for 
conversion into SNB bundles. The higher rate of BORG5 recovery compared 
to septins also suggests that the assembly of septins by BORG5 could be the 
rate limiting step for the formation of SNB. All these observations support a 
possible mechanism that septin filaments assembled by BORG may be 
involved in bridging and weaving the MRCK-regulated LMB and ROK-
regulated stress fibres into SNB bundles. 
ROK and MRCK regulate MYO2 activity and are major determinants of 
actomyosin dynamics and cell motility (Ridley et al. 2003). ROK and MRCK 
have also been shown to cooperate during cell migration and invasion 
(Wilkinson et al. 2005; Gaggioli et al. 2007; Gally et al. 2009). In this study, 
the SNB were observed to consist of components derived from both 
Cdc42/MRCK-regulated LMB bundles and RhoA/ROK-regulated stress fibres. 
Thus, this phenomenon represents a possible mechanism for integrating of 
the signals from these two Rho GTPases and their effector kinases (Figure 
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4.12b). The function of this unique pool of actomyosin is proposed in Chapter 
5 of this thesis.  
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Chapter 5. Characterisation of the MRCK-regulated 
sub-nuclear bundles and their possible role in 
directional cell migration. 
5.1 Background 
The Rho GTPases control the actomyosin networks via their effector kinases 
(Ridley et al. 2003). The RhoA effector, Rho-binding kinase (ROK) and the 
Cdc42 effector, Myotonic Dystrophy kinase-related Cdc42-binding kinase 
(MRCK) are closely related Serine/Threonine kinases that play major roles in 
cellular actomyosin contractility and therefore, cellular motility. Their kinase 
domains are highly homologous and they share key substrates like the 
regulatory light chain (RMLC) of non-muscle myosin 2 (MYO2) and also the 
Myosin phosphatase targeting subunit (MYPT). However their activation 
appears to generate opposing phenotypes, with MRCK promoting protrusion 
and motility, whereas ROK promotes cell adhesion and stabilisation 
(Chapter1). It is likely that the distinct localisation of the kinases is the key 
determinant. Thus the contractility generated by the activity of MRCK which is 
localised at the lamella with LMB and the subsequent disassembly at the 
convergent zone at the cell body could generate traction force to drive the 
retrograde actomyosin flow which regulates cellular protrusion (Tan et al. 
2008).  Despite their apparent opposing activities, recent work has suggested 
that both ROK and MRCK activities are required for cell motility and invasion, 
albeit in a spatially and temporally coordinated manner (Wilkinson et al. 2005; 
Gaggioli et al. 2007; Gally et al. 2009).  
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In Chapter 4, a special pool of actomyosin bundles known as the sub-nuclear 
bundles (SNB) were shown to be present beneath the nucleus. These SNB 
are derived from the ROK-regulated stress fibres and MRCK-regulated 
lamellar bundles (LMB) components, with BORG5 and septins being required 
for the integration process between these bundles. Thus, the SNB may be a 
possible mechanism for the coordination between RhoA/ROK and 
Cdc42/MRCK signalling activities. 
This chapter aims to characterise the special features and properties of the 
SNB and to determine the possible role of these bundles in directional cell 
motility. 
5.2 The ends of SNB are enriched with fibrillar adhesion 
protein Tensin1. 
The RhoA/ROK-regulated stress fibres terminate in large focal adhesions that 
adhere to the extracellular matrix (ECM) (Leung et al. 1996; Amano et al. 
1997). These focal adhesions are also very important cellular signalling 
centres that transduce extracellular ECM cues to the Rho GTPases and 
thereby control actin and adhesion dynamics (Parsons et al. 2010). Focal 
adhesions are large multi-protein complexes that are up to 40nm thick and are 
responsible for cell anchorage to the underlying ECM (Kanchanawong et al. 
2010). Compared to smaller nascent adhesions, ROK-regulated stress fibre-
associated mature adhesions contain Vinculin and Zyxin in addition to other 
typical adhesion proteins like Paxillin and Talin. Tensin is another large focal 
adhesion protein that is associated with stable adhesions (Gardel et al. 2010). 
However, Tensin is not typically found on stress fibre associated focal 
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adhesions, instead it is mainly found on Fibronectin-bound fibrillar adhesions 
(Zamir et al. 1999). An important point in adhesion site development from 
small nascent adhesions into large focal adhesions is the application of tensile 
force (Gardel et al. 2010). These forces can be generated by MYO2 
contraction and/or bundling on the actin filaments attached to the adhesion. 
In Chapter 4, the SNB were shown to be initiated from stress fibres and 
require LMB components. They are expected to be anchored at their ends by 
adhesion molecules and therefore, the adhesions that anchor the SNB were 
further characterised. Unlike the parental stress fibres which showed intense 
staining of Vinculin, there was a rather weak staining for this focal adhesion 
marker at the ends of the SNB filaments (Figure 5.1a). An enrichment of 
fibrillar adhesion protein marker Tensin1 was instead observed at these sites. 
To confirm this observation, a mCherry-Tensin1 fusion protein was expressed 
in HeLa cells and likewise the fluorescent signals were detected at the ends of 
the SNB. It is apparent that although SNB and stress fibres share common 
origin, they have different compositions in RMLC phosphorylation, MYO2 
isoform, septins and also adhesion complexes. 
Fibrillar adhesions have different dynamics compared with focal adhesions. 
They are relatively insensitive to the general kinase inhibitor H-7 and also to 
ROK inhibitor Y-27632 treatment compared with typical Vinculin rich focal 
adhesions (Zamir et al. 1999; Zamir et al. 2000). To determine if Tensin 1 is 
required for the formation of SNB, a dominant negative construct of Tensin1 
(GFP-Tensin1 C-terminus), which comprises of the C-terminal focal adhesion 
targeting domain of Tensin1 (Chen and Lo 2003; Katz et al. 2007) was 
introduced into HeLa cells. As expected, over-expression of the dominant 
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negative GFP-Tensin1 C-terminus disrupted endogenous Tensin1 localisation 
(Figure 5.1b). More significantly, the GFP-Tensin1 C-terminus construct also 
disrupted both MRCK localisation and SNB formation (Figure 5.1b). From 
these observations, Tensin1 appears to be important for fibrillar adhesion and 
SNB formation, although the exact nature and role of Tensin1 are yet to be 
determined. However, fibrillar adhesions are known to be relatively more 
stable than focal adhesions, as discerned from their relative resistance to 
kinase inhibitor treatments (Zamir et al. 1999; Zamir et al. 2000) and have 
also been suggested to be derived from mature focal adhesions (Gardel et al. 
2010).  Therefore, it is possible that the transit from stress fibres to SNB may 
also be accompanied by transformation of dynamic mature focal adhesions to 
stable Tensin-rich fibrillar adhesions. 
5.3 The SNB is closely linked to the nucleus. 
HeLa cells have a large and well-spread morphology that enables a clear 
observation of the actomyosin cytoskeleton. However, they are not ideal for 
determining dynamic changes during cell migration as these cells translocate 
very slowly. On the other hand, confluent monolayers of the human U2OS 
osteosarcoma cells migrate more quickly and have been used in the 
investigation of MRCK-dependent actomyosin activity when induced to 
migrate in a wound healing assay (Tan et al. 2008). Therefore, U2OS cells 
were selected as a cell model for studying the dynamics of MRCK-regulated 
LMB and SNB during cell migration in this study. Septin filaments clearly 
labelled the LMB and SNB in HeLa cells, similar to MRCK-complex members 
(Chapter 4). Similarly, low levels of GFP-Sept11 were found to be localised to 
the LMB and SNB (Chapter 4), and also displayed the characteristic lamellar 
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retrograde flow of the LMB. To see if similar phenomenon are present in 
U2OS cells, a U2OS cell line stably expressing GFP-Sept11 was generated 
for live time-lapse imaging of the LMB and SNB during directional cell 
migration. 
When the GFP-Sept11 U2OS stable line was induced to migrate in a wound 
healing assay, the LMB showed a polarised distribution with retrograde flow at 
the leading edge (Figure 5.2). The SNB were consistently detected under the 
nuclei of migrating cells. However, the individual filaments do not move along 
with the cell, they form a continuous track in front of and disappeared behind 
the moving nucleus. This close proximity and correlation between the SNB 
and the nucleus during migration suggests a possible physical link between 
them. 
Therefore, to test the hypothesis that the SNB components are physically 
linked to the cellular nucleus, crude nuclear extracts from HeLa and U2OS 
were prepared and analysed by Western blot. Specific antibodies against the 
components of the SNB, namely Actin, BORG5, MRCK, Myosin 18A 
(MYO18A) and septins, were used to detect the presence of the 
corresponding proteins in the nuclear extracts. Most SNB components were 
readily detected in these extracts (Figure 5.3). This observation suggests their 
linkage to the nucleus. The septins were not detected in the crude nuclear 
extracts. As observed in Chapter 3, although Sept proteins readily co-
immunoprecipitated with each other, septin filaments were not easily immuno-
precipitated even with BORG5. This suggests that endogenous septin 
filaments could be relatively frail and easily dismantled into the individual 




partners. To circumvent this potential limitation, HeLa and U2OS cells were 
exposed to Dimethyl 3,3’-dithiobispropionimidate.2HCl (DTBP) amine group 
cross-linker to preserve any weak or transient protein-protein interactions. 
With prior DTBP cross-linking, the presence of septins were detected in the 
nuclear extracts of HeLa and U2OS cells (Figure 5.3). 
Thus the SNB are believed to be physically linked to the nucleus. Some of the 
SNB components, like septins, were not detected in the crude nuclear lysates 
without prior cross-linking. This suggests that the SNB are most likely bound 
to the outer surface of the nuclear envelope as the septins are dissociated 
from the nucleus without cross-linking. This close association could explain 
the observable proximity of SNB to nucleus in non-motile as well as migrating 
cells. 
5.4 Nesprin1 may serve as a linker between the SNB and 
nucleus. 
The Nesprin family of outer nuclear envelope proteins link the nucleus to the 
cytoskeleton systems (Wilhelmsen et al. 2006; Burke and Roux 2009; Starr 
and Fridolfsson 2010). They are typically defined by their Klarsicht/ANC-
1/SYNE homology (KASH) domain at the C-terminus, which binds to the 
Sad1p/UNC84 (SUN) family of inner nuclear envelope proteins. The Nesprin 
proteins are transmembrane proteins of the outer nuclear envelope that 
bridge the inter-nuclear envelope lumen to interact with SUN proteins at their 
C-termini. They are also known to bind various cytoskeletons, including actin 
filaments and microtubules, via their N-termini. Of this family, Nesprin1 and 
Nesprin2 were reported to bind actin filaments via tandem N-terminal 
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Calponin homology (CH) domains (Starr and Han 2002; Zhen et al. 2002; 
Padmakumar et al. 2004). Furthermore, Nesprin2 has recently been 
implicated in nuclear positioning by the actin cytoskeleton during cell 
polarisation for migration in NIH3T3 cells (Luxton et al. 2010). Therefore, 
Nesprin1 and Nesprin2 could be potential candidates as the linker molecules 
between the SNB and nucleus. 
Thus, mCherry-Nesprin1 CH and mCherry-Nesprin2 CH constructs, which 
comprises of the tandem CH domains of Nesprin1 and Nesprin2 respectively, 
were expressed in HeLa cells. Surprisingly, mCherry-Nesprin1 CH showed a 
preference for binding actin filaments at the cell centre whereas mCherry-
Nesprin2 CH did not show any actin filament localisation in HeLa cells (Figure 
5.4). In contrast, mCherry-α-Actinin CH, which comprises of the tandem CH 
domains of α-Actinin, displayed an even distribution throughout the actin 
filaments when expressed in HeLa cells (Figure 5.4). These observations 
imply that the CH domains of Nesprin1 contain an intrinsic affinity for actin 
structures at the cell centre of HeLa cells. CH domains of some proteins are 
known to have selective binding of different F-actin structures, presumably 
due to the slight variations of F-actin or binding proteins in those structures 
(Washington and Knecht 2008). 
Thus, Nesprin1 instead of Nesprin2 was selected for study as a potential 
linker between the SNB and nucleus during migration in U2OS cells, as 
Nesprin2 CH domains did not show any F-actin localisation. An antibody 
against the N-terminal CH domains of Nesprin1 stained cytoplasmic F-actin 
(data not shown) in both HeLa and U2OS, whereas another antibody against 
the Spectrin Repeats (at the middle of Nesprin1) stained the nuclear envelope 
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(Figure 5.5). These observations were not surprising as several splice 
isoforms of Nesprin1 exist and some may not contain the C-terminal nuclear 
envelope targeting KASH domain (Padmakumar et al. 2004), suggesting that 
there might be Nesprin1 splice variants that are not directly attached to the 
nuclear envelope. 
Immuno-fluorescent staining using the antibody against the Spectrin Repeats 
showed Nesprin1 polarisation on the nuclear envelope, with a more intense 
staining in the nuclear envelope hemisphere towards the direction of migration 
(Figure 5.5). This polarisation was also observed in an EGFP-tagged artificial 
mini-gene containing Nesprin1 N-terminal CH and C-terminal KASH domains 
(EGFP-mNesprin). The mNesprin (~10Kbp) mini-gene was used in place of 
full length Nesprin1 due to the extremely large size of Nesprin1 (> 20Kbp). To 
determine if Nesprin1 is linked to the SNB, endogenous Nesprin1 in migrating 
U2OS cells was examined after treatment with agents that perturb SNB 
formation. The polarised localisation of Nesprin1 was lost and redistributed 
evenly throughout the nuclear envelope when the formation of the SNB was 
perturbed by either siRNA-mediated knockdown of BORG5, MRCK and 
septin, or by inhibition of ROK and MYO2 using Y-27632 and Blebbistatin 
respectively (Figure 5.5). The redistribution was also observed with the EGFP-
mNesprin mini-gene when the formation of the SNB was perturbed. These 
observations indicate that perturbation of SNB components interfered with this 
asymmetric distribution of Nesprin1. An intact CH domain is essential for this 
phenomenon as the mNesprin mini-gene without the CH domain (CH) did 




Therefore the formation of the SNB appears to have an influence on Nesprin1 
distribution on the nuclear envelope. The distinctive Nesprin1 polarised 
distribution at the leading hemisphere of the nucleus is likely the result of 
selective interaction by the unique affinity of the Nesprin1 CH domain for actin 
structures in the cell centre. Thus, Nesprin1 may well be a linker protein 
between the nuclear envelope and the MRCK-regulated SNB actomyosin 
bundles. 
5.5 The SNB and Nesprin1 are involved in coupling cell edge 
protrusion to nuclear displacement. 
Efficient cell migration requires all components of the cell to be dedicated 
towards the direction of migration and it usually involves the coordination and 
concurrent cycling of the major steps of migration as previously described 
(Lauffenburger and Horwitz 1996). The leading edge of the cell continually 
extends protrusions in the form of filopodia or lamellipodia, to probe for 
permissive areas to move into. When suitable areas or substrates are 
detected, the protrusions stabilise and adhere, followed by the rest of the cell 
proceeding over to that new area. As the nucleus is the largest and most 
significant cellular organelle that contains the genetic material of the cell, it is 
of utmost importance to move the nucleus in the correct direction. Thus the 
protrusions at the leading edge must be closely followed by cell body/nuclear 
movement for the cell to migrate effectively. 
In order to monitor the relationship between the leading edge protrusion and 
nuclear movement during migration, U2OS were induced to migrate in a 
wound healing assay. The protrusion areas at the leading edge were 
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measured every 10 minutes over a total of 260 minutes and the 
corresponding nuclear displacement tracked simultaneously. In untreated 
control cells, large protrusions were closely followed by large nuclear 
displacements (Figure 5.6a). However, when the formation of the actomyosin 
networks were perturbed by the MYO2 ATPase inhibitor Blebbistatin, cell 
edge protrusion no longer correlated well with nuclear displacement, that 
large protrusions were observed without the corresponding nuclear 
displacement, and vice-versa (Figure 5.6a). These observations were in good 
agreement with a previous study (Kolega 2006) that described a high 
Pearson’s correlation coefficient (correlation coefficient) between protrusion 
and nuclear displacement in control cells, but not in Blebbistatin-treated cells. 
These observations thus indicated that during cell migration edge protrusion 
and nuclear displacement are tightly coupled events dependent on MYO2 
activity. 
As the MRCK/BORG5/septin-regulated LMB are involved in cell edge 
protrusion (Tan et al. 2008), and their derivative SNB is closely associated 
with the nucleus during migration of U2OS cells, it is possible that this 
continuity of MRCK activity could play an essential role in bridging cell edge 
protrusion to nucleus movement. Thus, the correlation coefficients of 
migrating U2OS cells were measured after perturbation of SNB formation 
using MYO2 inhibitor Blebbistatin treatment, ROK inhibitor Y-27632 treatment 
or specific siRNA against SNB components including BORG5, Sept7, Sept9 
and MRCK. The results show that the correlation coefficients were 
significantly reduced when SNB formation in migrating U2OS cells were 
perturbed (Figure 5.6b). Furthermore, microinjection of wound edge cells with 
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dominant negative Nesprin1 constructs, mCherry-Nesprin1 CH and mCherry-
Nesprin1 KASH, also drastically reduced the correlation coefficients between 
protrusion area and nuclear displacement (Figure 5.6b). These observations 
suggest that the SNB and Nesprin1 are both involved in coupling the 
directional motility of the nucleus to the leading edge protrusion. 
In conclusion, the SNB is linked to nuclear displacement during cell migration 
and they may play a role in coordinating leading edge dynamics to nuclear 
movement, possibly via the Nesprin1 actin/nucleus cross-linker. 
5.6 Discussion 
MRCK, BORG5 and septin regulate two unique pools of actomyosin bundles 
called LMB and SNB at the cell periphery and cell centre respectively 
(Chapter 4). The LMB contains MYO2A with undetectable level of MYO2B 
whereas the SNB on the other hand, contains both MYO2A and MYO2B. 
Although highly homologous, MYO2A and MYO2B have different biophysical 
properties. MYO2A hydrolyses ATP at a higher rate, suggesting that it has a 
faster contraction cycle (Kovacs et al. 2003). This property translates into 
MYO2A-bound filaments having higher propulsion rates and a generally more 
dynamic nature. MYO2B has a higher “duty ratio” than MYO2A, implying that 
MYO2B has a slower but more sustained actin binding and contraction 
compared with MYO2A (Wang et al. 2003). Possibly as a result of this 
property, MYO2B is often associated with high tension filaments and lower 
dynamics, like the ROK-regulated stress fibres that adhere the cell to the sub-
stratum (Vicente-Manzanares et al. 2009). Thus, from their MYO2 
composition, some of the physical properties of the LMB and SNB and their 
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possible roles can be envisioned. The LMB, which have high MYO2A 
composition, are highly contractile and generate forces involved in cell edge 
protrusion, where rapid contraction is required to turnover adhesions or to 
drive protrusion (Parsons et al. 2010). The SNB however have high MYO2B 
content and are derived from the stress fibres which are more stable and with 
higher tensile strength, thus, the SNB, at least in the transition state, may form 
stable organisation that is required to support and anchor the cell body and 
nucleus. 
Phosphorylation of different sites of the RMLC can also lead to different 
effects on MYO2 activation. Phosphorylation of Serine-19 on RMLC (pRMLC) 
activates actin-dependent ATPase activity of MYO2, leading to contraction of 
the entire actomyosin filament. Di-phosphorylation of both Threonine-18 and 
Serine-19 on RMLC (ppRMLC) leads to higher ATPase activity and also 
induces higher bundling/contractile activity of the MYO2 holozyme. Thus, 
ppRMLC is often associated with the stress fibre formation and a report has 
shown that the expression of the di-phospho-mimetic mutant of RMLC is 
sufficient to induce stress fibre and cell rear formation (Vicente-Manzanares et 
al. 2008). In this current study, the LMB contained mostly pRMLC whereas the 
SNB contained both pRMLC and ppRMLC. Therefore, the properties 
discerned from MYO2A and MYO2B compositions of the LMB and SNB are 
also reinforced by their apparent distinguishable RMLC phosphorylation 
states. 
Although SNB bundles contain MYO2B and ppRMLC, which are typically 
found in stress fibres, and are also sensitive to ROK inhibition, the SNB are 
clearly divergent from stress fibres. The ROK-regulated stress fibres are not 
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perturbed by MRCK, BORG5 or septin knockdown, whereas the SNB are 
dispersed by these knockdowns (Chapter 4). Importantly, whereas the ROK-
regulated stress fibres are anchored by Vinculin-rich focal adhesions, the SNB 
are mainly anchored by Tensin-rich fibrillar adhesions. Fibrillar adhesions are 
a subset of cellular adhesions that may represent mature adhesions (Gardel 
et al. 2010). As Tensin1 may be crucial for fibrillar adhesion formation, 
perturbation of Tensin1 disrupts the maturation of the adhesions. Tensin1 
disruption also leads to the loss of SNB, but not focal adhesions. Thus, the 
maturation of focal adhesions into fibrillar adhesions may also be a key event 
in SNB formation. 
There was previous work describing that fibrillar adhesions were resistant to 
short duration (10 minutes) of ROK inhibitor Y-27623 treatment, but still 
disassembled following prolonged treatment (Zamir et al. 2000). The fibrillar 
adhesions have also been reported to be relatively insensitive to the broad 
specificity Serine/Threonine kinase inhibitor H-7 treatment compared with 
typical focal adhesions (Zamir et al. 1999). These studies imply that the 
fibrillar adhesions are attached to a subset of stable stress fibres that have 
slightly longer turnover times compared to typical stress fibres. Considering 
that MRCK is also involved in SNB regulation, it is plausible that the fibrillar 
adhesions of these studies were attached to SNB bundles and showed little 
turnover after short periods of ROK inhibition due to continued MRCK activity 
and vice versa. However, as the SNB are sensitive to prolonged ROK or 
MRCK inhibition, the fibrillar adhesions are thus expected to be eventually 
dismantled under these treatments. Thus, it is possible that the MRCK 
components in the newly formed SNB may also partially confer renewed 
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properties to these ‘hybrid’ bundles. This provides the further insight that the 
SNB are derived from RhoA/ROK-regulated stress fibres, possibly due to the 
selection and modification by Cdc42 effectors BORG5 and MRCK. During 
transit from the dismantled LMB to form the ‘hybrid’ SNB, the actomyosin 
filaments are endowed with new components like septins and MRCK, thus 
acquiring new biochemical properties. 
Nesprin1 is important for cell migration (Starr and Han 2002). The N-terminal 
actin-binding CH domain is important for nuclear migration during 
development and nuclear anchorage (Starr 2009). CH domains are unique 
and structurally conserved actin binding domains found in a large number of 
proteins (Korenbaum and Rivero 2002). The most common F-actin binding 
CH domains are composed of two CH domains in tandem (Korenbaum and 
Rivero 2002). These tandem domains are proposed to exist in an open state 
and closed state which may allow for regulation of F-actin affinity (Galkin et al. 
2010). Some CH domains of individual proteins may have unique properties 
as well, for example, the CH domains of EB1 bind microtubules instead of F-
actin (Sjoblom et al. 2008). Others, like the CH domains of Filamin, may 
confer targeting specificity to various actin structures in the cell (Washington 
and Knecht 2008). Thus, the open and closed conformational swinging of the 
tandem CH domains could also be a mechanism involved selective binding of 
various F-actin structures. 
In this study, an interesting affinity of Nesprin1 CH domains for filaments at 
the cell centre was observed. The mechanism for this curious and biased 
attraction for the central actin filaments is unknown and may reflect the unique 
structure of specific CH domains that recognise distinct actin filamentous 
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structures or components. Furthermore, Nesprin1 was shown in this study to 
exhibit a polarised asymmetric distribution on the nuclear envelope of U2OS 
cells during migration. More intense Nesprin1 staining appeared at the leading 
hemisphere of the nuclear envelope in a SNB dependent manner, leading to 
the speculation that it may be due to the forward forces pulling upon the 
nucleus through Nesprin1. Nesprin1 has also been shown to bind microtubule 
motors kinesin and dynein, and is involved in microtubule-mediated nuclear 
movement in Caenorhabditis elegans progenitor cells (Fridolfsson et al. 2010; 
Zhang et al. 2009). Thus, the dual role of actin- and microtubule motor-binding 
may shed new light on Nesprin1 function, as it suggests that the microtubule 
motors could provide the pulling forces to move the nucleus, whereas the 
actin/SNB binding may anchor or guide the nucleus during nuclear 
translocation. 
During cell migration, the protruding front or leading edge of the cell should be 
followed closely by the movement of the cell body and this process has been 
reported to be dependent on MYO2 activity (Kolega 2006). This close 
correlation was readily reduced when the SNB or Nesprin1 was perturbed, 
suggesting that the SNB/nucleus link, possibly via Nesprin1, is important for 
effective coupling of protrusion and nuclear displacement. Previous studies on 
embryonic mouse fibroblasts and amoeboid T-lymphocytes had observed 
excessive protrusion with little directional cell translocation when MYO2B or 
septins were perturbed respectively (Lo et al. 2004; Tooley et al. 2009). These 
studies suggest that the tight coupling between protrusion and nuclear/cell 
body are perturbed and no longer correlated. 
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Considering all these observations together, it is proposed that the events of 
LMB retrograde flow, disassembly and the subsequent morphing into the SNB 
serve to generate a pool of SNB filaments between the leading edge and the 
trailing nucleus (Figure 5.7). This pool of SNB filaments would then serve as 
anchor points for the nucleus, as suggested by the presence of mature fibrillar 
adhesions at the SNB ends. Presumably, the nucleus binds to the new SNB 
via Nesprin1 and is therefore effectively guided in the direction of leading 
edge expansion. The SNB bundles behind the nucleus were also observed to 
be rapidly dismantled, thereby preventing the nucleus from proceeding in the 
wrong direction and possibly to facilitate the recycling of its components for 
another cycle of activity. 
In conclusion, the SNB is formed by the integration of MRCK- and ROK-
regulated actomyosin bundles and is anchored by the stable fibrillar 
adhesions. The SNB could, by being assembled on the stress fibres with 
components of the LMB in the direction of the leading edge, play a role in 
migration by providing a track of anchoring platforms for the nucleus to 
migrate towards.  
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Chapter 6. General discussion and conclusions. 
One of the major functions of the small GTPase Cdc42 is to regulate the actin 
cytoskeleton. Cdc42 activation induces the formation of actin-rich microspikes/ 
filopodia at the cell surface (Kozma et al. 1995; Nobes and Hall 1995) and 
structures for axonal growth cone guidance in CNS development (Hall and 
Lalli 2010). In this and previous studies, Cdc42 activity has been shown to 
regulate different actin networks from the leading edge to the cell body. Apart 
from the production of actin-rich filopodia upon stimulation by specific growth 
factors such as lysophosphotidic acid (LPA), Cdc42 is also involved in the 
formation of lamellar actomyosin bundles (LMB) (Tan et al. 2008). This 
observation is strongly supported by the recent reports that show the actin 
filaments of the lamella are derived from F-actin from the filopodia 
(Nemethova et al. 2008; Anderson et al. 2008). Unlike actin polymerization at 
the lamellipodium, which is also regulated by Rac1, the formation of 
filopodium as well as LMB appears to be regulated by the actin nucleator and 
Cdc42 effector mDia2 (Block et al. 2008; Gupton and Gertler 2007). That may 
explain the potent knockdown effects of Cdc42 siRNA on these actin 
structures. Furthermore these knockdown effects can be readily rescued by 
the wild type but not a CRIB binding defective Cdc42Y40C mutant, indicating 
that Cdc42 and its effectors are involved in the process of making the LMB. 
A distinguishing feature of the LMB compared to lamellipodial or filopodial 
actin bundles is the presence of non-muscle myosin 2 (MYO2). Thus, a key 
regulatory step in lamellar actomyosin bundle formation from 
lamellipodial/filopodial F-actin is the incorporation of MYO2, via activation of 
MYO2 by phosphorylation of the associated regulatory light chain RMLC 
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(Hotulainen and Lappalainen 2006). Earlier reports indicate there are unique 
distributions of both of the major MYO2 isoforms, MYO2A and MYO2B, as 
well as the phosphorylation status of RMLC (Kolega 2006; Vicente-
Manzanares et al. 2007). MYO2A and mono-phosphorylated Serine-19 RMLC 
(pRMLC) are found mainly in the lamellar actin bundles (Vicente-Manzanares 
et al. 2008). The Serine/Threonine kinase MRCK has been shown to be the 
key lamellar RMLC kinase as it has the substrate specificity of 
phosphorylating Serine-19 of RMLC (Leung et al. 1998; Tan et al. 2008). 
Moreover, this current study also showed that MRCK, MYO2A and pRMLC 
share close co-localisation at the LMB in mammalian cells, agreeing with the 
previous reports (Tan et al. 2008). Thus MRCK has several features that 
depict its role in the regulation of LMB, as it is a Cdc42 effector that 
specifically phosphorylates Serine-19 of RMLC for activation of MYO2A, and 
has a close association with the LMB network. 
The LMB were observed to move in a retrograde flow from the cell edge and 
has been implicated in cell protrusion (Ponti et al. 2004; Tan et al. 2008). 
Recent work has suggested that the LMB may be important for regulating 
lamellipodium protrusion (Lim et al. 2010). The authors proposed that the 
LMB may absorb protrusive force of the lamellipodium by retrograde flow, 
leading to decreased net protrusion. When the cell decides to move, by an 
unknown mechanism, the LMB slow or even stop their retrograde flow, 
presumably by engaging onto adhesions and provide a supporting structure 
for the lamellipodium to push against, leading to edge protrusion (Hu et al. 
2007; Gardel et al. 2008; Lim et al. 2010). 
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A search for other proteins that may be involved in this retrograde flow system 
has revealed that septins were also known to be localised in the LMB (Surka 
et al. 2002; Kremer et al. 2007). In the current study, these filaments that 
consist of multiple Sept isoforms are detected in the LMB. Previous work on 
the structure of septin indicates that a minimal heterotrimeric subunit from 
each septin sub-group of Sept2, Sept6 and Sept7 is required to form linear 
polymers (Low and Macara 2006; Sirajuddin et al. 2007). It is thus not 
surprising that all these Sept proteins were detected in the LMB. Like other 
septins, Sept9 was also present in the LMB although the role of this septin 
there is not immediately obvious as it is from the Sept3-sub group that does 
not seem to participate in filament formation. However, specific siRNA-
mediated knockdown of Sept9 effectively perturbed both septin filament and 
LMB formation, indicating that Sept9 does play an important role. It is one of 
the larger septin proteins and its extended N-terminus has been involved in 
the interaction with other protein such as the Rho effector Rhotekin and septin 
associated RhoGEF (SA-RhoGEF) (Ito et al. 2005; Nagata and Inagaki 2005). 
Interestingly, certain mutations at the N-terminal triple repeat (3R) region are 
responsible for a rare peripheral neuropathy called Hereditary Neuralgic 
Amyotrophy (HNA) (Kuhlenbaumer et al. 2005). Previous work and this 
current study give indications that these mutations affect the incorporation of 
Sept9 into proper filaments, in particular the LMB network described in this 
study. 
It is possible that Sept9 may serve either as a direct or indirect bridging point 
between actin and septin filaments. Data from a previous comprehensive 
study using the Sept2/Sept6/Sept7 core filament revealed that the binding of 
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actin filaments requires the bridging protein Anillin, a nuclear protein that 
functions mainly during cytokinesis (Kinoshita et al. 2002; Field and Alberts 
1995; Zhang and Maddox 2010). However, Anillin is probably absent from the 
cytoplasm of interphase cells and therefore may not be involved in the 
bridging process there. Thus, other as yet unidentified mechanisms may be 
responsible for bridging septins to actin filaments. The Sept9 mutant 
containing the HNA-associated R88W mutation within the 3R region was 
found to have marginally reduced septin complex formation but yet resulted in 
a drastic loss of actin association, as seen by its lack of alliance with actin 
filaments. This could indicate that Sept9 may play an essential role in bridging 
septins to actin. Further support to this hypothesis comes from the 
observation that the expression of the N-terminal 3R fragment of Sept9 was 
sufficient to induce a rearrangement of septin filament staining from discrete 
segments to throughout the actin filaments. An explanation for this 
observation is that the 3R of Sept9 alone may be sufficient to link septin 
complexes directly or indirectly to the actin filaments. However, further work is 
required to consolidate and confirm the role of Sept9 and the 3R region in 
bridging septins to actin filaments. 
Septins are also known to interact directly with MYO2 and provide a selective 
platform for kinase phosphorylation of RMLC (Joo et al. 2007). In this current 
study, septin staining showed substantial overlap with MYO2A rather than 
MYO2B. Although the reported septin binding region of MYO2 is highly 
homologous between MYO2A and MYO2B, septins appear to prefer MYO2A 
filaments. As MYO2A associated filaments are frequently more dynamic 
compared to MYO2B filaments, this mechanism of kinase selection may be 
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important for rapid activation of MYO2A, possibly by constantly funnelling the 
kinases to a close proximity for RMLC phosphorylation. Although the original 
study identified ROK and Citron kinase as the kinases being regulated by 
septins during cytokinesis, it is likely that other kinases are involved during 
interphase.  It is important to note that these two kinases are known to di-
phosphorylate ppRMLC (Yamashiro et al. 2003; Ueda et al. 2002), whereas 
the LMB contain mostly pRMLC. As MRCK is co-localised with septins at the 
LMB and phosphorylates Serine-19 of RMLC (pRMLC), which is also readily 
detected in the LMB, MRCK may well be the preferred kinase for such 
regulation. The involvement of other major Serine-19 RMLC kinase such as 
the Calcium dependent Myosin light chain kinase (MLCK) has been excluded 
as specific inhibitor ML-7 has no effect on LMB organisation (Scholey et al. 
1980; Totsukawa et al. 2000; Tan et al. 2008). Thus, MRCK is most likely to 
be regulated by septin scaffolding on MYO2A. 
Assembly of septins into filaments is regulated by a family of proteins called 
Binders of Rho GTPases (BORG) which contain a CRIB domain that 
specifically interacts with Cdc42 (Joberty et al. 1999; Hirsch et al. 2001). The 
common domain responsible for septin assembly is a BD3 domain at the C-
terminus of all BORG proteins (Sheffield et al. 2003). BORG3, for example, 
has been shown to regulate septin structure by a Cdc42 dependent manner 
(Joberty et al. 2001). Curiously the study showed that Cdc42 negatively 
regulates BORG3, as the constitutively active full-length BORG3 activity can 
be down-regulated when co-expressed with constitutively active Cdc42 in 
cultured cells. In HeLa cells, BORG3 is not expressed and BORG5 appears to 
be the key BORG protein that regulates septin filament assembly. Knockdown 
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experiments on BORG5 show this not only affected septin organisation at the 
LMB, it also affected the MRCK and the associated actomyosin arrangement 
there. This lends further support that septins and actomyosin are 
interdependent processes. One major finding in this work is that Cdc42 acts 
positively, rather than negatively as has been proposed for BORG3. This 
conclusion comes about by the knockdown effect of Cdc42 which resulted in 
the absence of septin assembly. When dominant negative Cdc42T17N was 
expressed in HeLa cells, septins as well as LMB were perturbed. However, 
similarly to BORG3 in MDCK cells, we have also observed perturbation with a 
constitutively active Cdc42 mutant (data not shown) suggesting LMB 
organisation may require Cdc42 cycling between active and inactive states. 
More importantly the knockdown phenomenon could be rescued readily with 
wild type but not a CRIB-binding defective mutant, indicating a stringent 
requirement of Cdc42 interaction for positive regulation. Taken together with 
the previous work on MRCK regulation of the LMB (Tan et al. 2008), these 
results indicate a strong presence of Cdc42 signalling at the LMB.  
The F-actin of the LMB requires the Cdc42 effector/actin nucleator mDia2 
(Nemethova et al. 2008), and the MYO2A of the LMB is activated by specific 
phosphorylation by another Cdc42 effector, MRCK. The finding of yet another 
Cdc42 effector, BORG5, in septin filament assembly at LMB for the possible 
MYO2A targeting of MRCK phosphorylation event at this location further 
emphasises the intricacy of Cdc42 signalling for the formation of the LMB. As 
Cdc42 activation has to be maintained throughout the region, a mechanism 
for keeping Cdc42 activity in the active form is likely to be essential. Thus far 
no Cdc42-specific GEF has been identified to localise at the LMB. It will be of 
  145
great interest to search for and characterise this potentially important regulator 
in future studies. 
After elucidating the signalling events that organise the LMB, it will be of great 
interest to determine the physiological functions and the necessity of 
individual components. LMB bundles as well as septin filaments at the 
protrusive front are not static and undergo dynamic movement towards the 
cell centre in a process known as retrograde actomyosin flow (Ponti et al. 
2004; Tan et al. 2008). The ends of some of these bundles are connected, 
either directly or indirectly, to focal adhesions at the basal membrane so that 
when filaments move rearward, tension will be built up. This tension may be 
responsible for recruitment of material and develop these bundles into stress 
fibres or it may lead to their disassembly. The interesting observation is that, 
at the convergence between the lamella and cell body zones, a disassembly 
of LMB bundles occurs (Salmon et al. 2002; Tan et al. 2008). The mechanism 
for this orderly disassembly process is, however, not known. One possibility 
may lie with the regulation of the recently discovered MRCK complex that has 
been shown to be crucial for LMB bundle formation (Tan et al. 2008). It is 
possible that either Cdc42 activity or functional changes of the adaptor protein 
LRAP35a (e.g. through protein phosphorylation), both of which can drive 
MRCK activity, is down-regulated at the cell body zone, leading to the 
collapse of the LMB. Further work will be needed to address this important 
unresolved issue. 
Regardless of the mechanisms for LMB disassembly, LMB components are 
required for the assembly of another distinctive network underneath the cell 
nucleus, called the sub-nuclear bundles (SNB). Using FRAP analysis, the 
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SNB was clearly shown to be derived from the LMB. Our previous works have 
indicated that both LMB and SNB share some common components which 
are distinct from other actomyosin networks (Tan et al. 2008). It is therefore 
not surprising to observe treatments that affect LMB also affect SNB 
formation. These include perturbation of the common components 
MRCK/MYO2A (Tan et al. 2008) and BORG5/septins in this thesis. Therefore, 
the two actomyosin networks are intimately linked with the SNB being derived 
from the LMB. However, careful analysis shows some clear differences 
between these two actomyosin bundles. The SNB consist of MYO2A and 
MYO2B, as well as pRMLC and the di-phosphorylated ppRMLC. The 
presence of MYO2B and ppRMLC is reminiscent of the RhoA/ROK-regulated 
stress fibres, with ppRMLC being the product of the ROK activity downstream 
of RhoA (Tan and Leung 2009). Closer examination of the SNB revealed that 
the staining of LMB components such as MRCK, BORG5 and septins were 
partially overlapping with stress fibres in several mammalian cell lines studied. 
SNB can be specifically disrupted using dominant negative RhoAT19N, ROK 
inhibitor Y-27632 or specific MYO2B siRNA, suggesting a requirement of 
stress fibres for the establishment of these “hybrid” actomyosin bundles. 
These combined data provide strong evidence that the morphing of LMB into 
SNB require inputs of both Cdc42 and Rho activities (see model). 
Apart from the proposed role of septin in providing a scaffold for specific 
kinase on LMB which may determine the co-localisation and specific features 
of these actomyosin/septin networks, it is possible that septins may have an 
additional role in the transition of LMB to SNB. Indeed FRAP analyses of 
fluorescence signal from LMB to SNB show differences depending on the 
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fluorescent protein being expressed in the cells. Significantly faster rates of 
this transition were observed with BORG5 than MRCK, indicating that 
BORG5, and perhaps the downstream septins, could play a lead role in 
directing this transition. Further evidence for this phenomenon is provided by 
observing the transition during a short period of serum starvation of 
interphase HeLa cells, when septin and BORG5, but not MRCK, were found 
to relocate from LMB to the stress fibres. A likely explanation of this data is 
that under these serum-free conditions, the levels of active Cdc42 was 
markedly reduced but with sufficient RhoA activity remaining that is able to 
maintain the ROK-dependent stress fibres where septins eventually merged. 
These findings thus clearly indicate BORG5 and septins do engage and 
relocate to the RhoA/ROK stress fibre scaffold when there is a switch in 
signalling events. Such events may take place during the transition from LMB 
to SNB as previously discussed.  As septins have an intrinsic affinity for stress 
fibres through interaction with actin and myosin, it is logical to presume that 
their BORG5-mediated assembly onto the stress fibres could prime the 
process of SNB formation via MRCK specification and subsequent 
modification. Therefore, BORG5 may be involved in the initialisation of SNB 
formation and its assembly of septins could be the rate limiting step, judging 
from the FRAP data analyses. Furthermore, high levels of BORG5 expression 
in HeLa cells lead to an apparent increase of SNB bundles, an observation 
possibly due to excessive recruitment of MRCK for SNB formation. 
Intriguingly, another study showed a pool of F-actin under the nucleus to be 
especially sensitive to septin knockdown by siRNA (Kinoshita et al. 2002). 
Although the identity of this pool of actin is unknown, it is tempting to 
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speculate that they are the SNB. Thus, these are strong evidence that septins 
may physically bridge RhoA/ROK-stress fibres for MRCK-mediated 
modification and convert them to SNB downstream of Cdc42. One important 
outcome of septin being involved in this bidirectional partition is the possible 
explanation of the peculiar cellular localisation of septins in many previous 
reports. In fact most studies on Septins gave the impression of their 
association with RhoA signalling pathways. Apart from the purported ROK-
MYO2 targeting, they also bind a RhoA activator, SA-RhoGEF and the RhoA 
effector Rhotekin (Nagata and Inagaki 2005; Ito et al. 2005). Septin binding of 
SA-RhoGEF inactivates its RhoA exchange activity, suggesting that the 
septins may down-regulate RhoA locally, presumably during the conversion of 
stress fibres to SNB (Nagata and Inagaki 2005). The role of stress fibre-
localised Rhotekin in this system is not immediately clear, however, it may be 
linked to the binding of septins to stress fibres (Sudo et al. 2007).These two 
studies suggest that the septins could be targeted to the stress fibres and 
down-regulate RhoA signalling. In this study, the septins were observed to 
shuttle between MRCK-regulated LMB to the ROK-regulated stress fibres 
when MRCK was temporarily inactivated. These observations suggest that 
septin filaments have an intrinsic affinity for binding the ROK-regulated stress 
fibres and may play a part in the reassembling of the LMB after the return of 
Cdc42/MRCK activity. However, over the longer time frame of siRNA-
mediated knockdown of MRCK, the septins are delocalised completely from 
all actin bundles. Thus, although septins can bind stress fibres, they may still 
be dependent on MRCK activity for prolonged actin association.  
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Under normal physiological conditions, actomyosin bundles in interphase cells 
continually transit from LMB to stress fibres to the more dynamic SNB bundles 
under Cdc42/MRCK regulation. Perhaps due to these transition events, the 
SNB bundles are highly heterogeneous, ranging from more stress fibre-like to 
more LMB-like. The range of SNB types may be reflective of the variable 
compositions of the two contributing signals from Cdc42/MRCK and 
RhoA/ROK during the transformation. Thus, these differences could provide 
spatial-temporal information of the transition from the more static stress fibres 
to the more dynamic SNB under gradual and increasing influence of 
Cdc42/MRCK. One observable marker for this transition may be the 
compositional changes of the adhesions at the ends of the SNB. The large 
focal adhesions at the ends of stress fibres are enriched in Vinculin (Zaidel-
Bar et al. 2004; Gardel et al. 2010). However, only low levels of Vinculin were 
detected in the newly formed SNB. The fibrillar adhesion protein Tensin is 
predominant in these bundles instead. Inhibition of Tensin1 by dominant 
negative C-terminus expression leads to the disappearance of the SNB, 
suggesting that Tensin is important for SNB formation. The Tensin-rich fibrillar 
adhesions are a subset of adhesions that bind Fibronectin and were reported 
to be relatively insensitive to ROK inhibitor Y-27632 or to general 
Serine/Threonine inhibitor H-7 treatments (Zamir et al. 1999; Zamir et al. 
2000). The dual regulation of the attached SNB by RhoA/ROK and 
Cdc42/MRCK of the SNB may underlie these observations. Another report 
showed that fibrillar adhesions may be derived from focal adhesions after 
prolonged application of force (Zaidel-Bar et al. 2004). This transformation 
may also be reflective of stress fibres maturing into the SNB. Thus, the SNB 
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and its adhesions are unique and have different properties from its parental 
LMB and stress fibres. The fibrillar adhesions were also frequently observed 
to translocate towards the cell centre of non-motile cells and may modify or 
lay out Fibrinogen ECM fibres in the process (Pankov et al. 2000). 
Furthermore, Tensin1 has also been shown to down regulate RhoA activity by 
binding the RhoGAP, Deleted in Liver Cancer-1 (DLC-1) to down-regulate 
RhoA activity and promote migration (Hall et al. 2009; Chen et al. 2002). 
Tensin1 has also F-actin capping activity (Lo et al. 1994; Chuang et al. 1995), 
perhaps as a mechanism to convert the thick stress fibres into thinner SNB 
bundles. Thus, Tensin incorporation may down-regulate RhoA activity, cap 
actin filaments and lead to thinner, more dynamic bundles characteristic of 
SNB. 
Having characterised the events for SNB formation, it is important to follow 
their role(s) in the cell. Previous work indicated that the LMB, through the 
tensile force generated by MYO2 contraction, are required for regulating 
directional cellular protrusion at the leading edge of the migrating cell (Tan et 
al. 2008). It is therefore logical to speculate that the SNB, which are derived 
from LMB, may have some related roles in coordinating the protrusive events. 
In both non-motile HeLa and migrating U2OS cells, the SNB are detected 
under the nucleus and may be physically linked to the nuclear envelope as all 
the SNB components were detected in the nuclear fraction from various 
cultured cells. They are most likely associated to the outer surface of the 
nuclear envelope as some components are easily dissociated from the 
nucleus. However, in migrating U2OS cells, the SNB were formed closely in 
front of the nucleus, from LMB components and stress fibres. Thus, the SNB 
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may have a role in anchoring the nucleus and provide a possible guidance 
track for nuclear migration. A family of outer nuclear envelope proteins known 
as Nesprin are involved in linking the nucleus to the cytoskeleton (Starr and 
Fridolfsson 2010). Of these, Nesprin1 and Nesprin2 contain actin-binding CH 
domains. Both Nesprin1 and Nesprin2 have been shown to bind actin and are 
also involved in nuclear movement (Padmakumar et al. 2004; Zhen et al. 
2002; Luxton et al. 2010). Therefore, both are excellent candidates for the role 
of linking the SNB and nuclear envelope. The CH domains of Nesprin1 
showed a tantalising localisation to actomyosin bundles at the cell centre, 
whereas Nesprin2 did not localise to actin bundles at all. Nesprin1 is a giant 
molecule that spans great lengths within cells and the use of antibodies 
against both N- and C-termini did not show good evidence for the direct 
association with SNB bundles by immuno-fluorescence.  
However, Nesprin1 localisation in migrating U2OS cells showed a surprising 
asymmetric distribution with denser accumulation of the protein at the 
hemisphere towards the direction of the leading edge. This asymmetric 
staining pattern could be perturbed when SNB were disrupted, indicating that 
Nesprin1 could be the protein responsible for linking SNB to the nucleus. A 
previous report has documented a possible role of the retrograde actin 
bundles (LMB in this study) in establishing cellular polarity before migration by 
physically repositioning the cell nucleus towards the rear of the cell, behind 
the microtubule organising centre (MTOC) (Gomes et al. 2005). More recently 
the envelope protein Nesprin2 has been shown to be responsible for 
conveying the forces from  LMB to loop over and sweep the nucleus 
backwards in this process (Luxton et al. 2010). Thus, the LMB appears to 
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participate at the early event in the maintenance of cellular polarity during 
migration in two different ways, they physically support lamellipodial protrusion 
and also maintain nuclear positioning relative to the MTOC. The data from this 
work also suggest a late role of nesprin1 in linking SNB to the nucleus during 
cell migration. 
In non-motile HeLa cells, the SNB often appear static. However, in actively 
migrating U2OS cells, the SNB exhibit well coordinated formation and 
disassembly relative to the nucleus. The SNB bundles are formed in front of 
the nucleus and are disassembled behind the nucleus. This cycle of activity 
generates an apparent track for the nucleus to glide over. As discussed 
earlier, the SNB is derived from the Cdc42-regulated LMB and RhoA-
regulated stress fibres. Thus, this apparently simple laying of tracks for the 
nucleus to migrate on could be a complex choreography of Cdc42 and RhoA 
activities and adds another role to the LMB during actual cell migration. The 
LMB, by virtue of arriving from the direction of the leading cell edge, could 
specify the direction of SNB formation relative to the nucleus. After 
disassembly between the lamella and cell body, the LMB components may 
proceed to transform nearby stress fibres and convert them into SNB, thus 
placing the newly formed SNB in front of the nucleus. As the SNB is linked to 
the nucleus, it may function as an anchoring platform for the nucleus to land 
and grab hold of. The SNB may thus be considered to be involved in nuclear 
guidance as well. However, it is important to note that the SNB most likely 
play a part in guidance and not provide forces for nuclear movement. The 
microtubules and their associated motor proteins are known to be responsible 
for nuclear migration and movements in a wide variety of cells (Burke and 
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Roux 2009). Surprisingly, Nesprin1 and Nesprin2 were also reported to be 
involved in microtubule motor dependent nuclear movements (Zhang et al. 
2009; Fridolfsson and Starr 2010). Thus, it appears that these Nesprin 
proteins may have a dual role in anchoring the nucleus and also moving the 
nucleus, perhaps functioning as stilts that are anchored to actin and the 
nuclear envelope at the ends and are pulled along by the microtubule motors. 
There is a need for close coordination between edge protrusion and 
nucleus/cell body for efficient cell migration. The SNB occupies an ideal 
position to be involved in this process. It is derived from leading edge LMB 
bundles which are involved in regulating protrusive activity.  Importantly it 
could serve as guiding tracks for the nucleus to move along during cell 
migration. Therefore, it is not unexpected that perturbation of the SNB, by 
siRNA-mediated knockdown of SNB components or by inhibitor treatments, all 
led to significant reductions of the correlation between protrusion area and 
nuclear movement which are normally tightly coupled, with a high correlation 
coefficient closer to 1. Others have observed that septin and also MYO2B, 
two key components of the SNB, knockdown leads to excessive protrusion 
without actual cell movement (Tooley et al. 2009; Lo et al. 2004). Similarly, 
disruption of the purported linker of the SNB to the nucleus, Nesprin1, by 
using dominant negative constructs also resulted in drastic deviation from the 
normal correlation between protrusion and nuclear movement. All these 
observations depict a role for the SNB in linking cell edge protrusion to 
nuclear movement during migration. These SNB that are derived from the 
LMB and stress fibres through Cdc42/MRCK/BORG5 and RhoA/ROK 
activities, could thus provide a potential mechanism that integrates Cdc42 and 
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RhoA signals, translating them into a physical process that guides the 
nucleus, and therefore the cell body movement (Figure 6). 
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